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Abstract
sbrucbure
The stacking square planar complex [Cr(thiourea)2 (NCS)2] ,A previously
determined by X-ray crystallography and discussed in an appended publication, was found 
to be non-conducting by measurements on both single crystals and a disc of the 
compound.
A series of chromium(II) complexes was prepared using a variety of nitrogen- 
donor ligands, selected to provide sufficient rigidity to encourage a square planar 
geometry. These were characterized using diffuse reflectance and infrared spectroscopy, 
and magnetic susceptibility measurements over the range 293-87 K. Several of these may 
in fact be square planar, though suitable crystals have yet to be isolated.
When attempts to synthesize the chromium(II) complex of 7,16-dihydro- 
5,7,12,14-tetramethyl-2,3:9,10-dibenzo-1,4,8,11 -tetraazacyclotetradecane-4,6,11,13- 
tetraene (tmtaaH2) by template methods failed, a chromium(II)-o-phenylenediamine (OPD) 
intermediate was sought around which a Schiff-base condensation might occur. This 
approach yielded instead a series of chromium(II)-OPD complexes which were 
subsequently characterized by diffuse reflectance and infrared spectroscopy, and magnetic 
susceptibility measurements over the range 293-87 K. The denticity of the OPD was 
investigated using the above methods, particularly infrared, and the results were confirmed 
in the cases of [Cr(OPD)2 (NCS)2] and [Cr(OPD)4](CF3S0 3 ) 2  by X-ray crystallographic 
studies. [Cr(OPD)4](CF3S0 3 ) 2  is the first crystallographic demonstration of Jahn-Teller 
distortion in a chromium(II) complex with an N6 donor set. The findings that OPD can act 
as both a mono- and a bi-dentate ligand, even within the same complex, is consistent with 
earlier literature studies of other first row transition metal complexes of OPD.
After metal insertion reactions into the free tmtaaH2 ligand did not produce 
Crtmtaa, efforts were switched to the method using butyllithium and anhydrous 
chromium(II) acetate. This yielded the desired Crtmtaa complex. Room temperature 
magnetic susceptibility measurements revealed the compound to be virtually diamagnetic 
and dimeric, confirming the crystallographic results published by another group during the 
course of these studies. Proton NMR measurements indicated the compound to be truly 
diamagnetic.
Following the success of this approach, a related chromium(II) complex of the 
lig an d  6 ,1 3 -D ip h en y l-5 ,7 ,1 2 ,1 4 -te trah y d ro -2 ,3 :9 ,1 0 -d ib e n z o -1 ,4 ,8 ,11 - 
teraazacyclotetradecane-4,6,ll,13-tetraene, (dptaaH2) was synthesized and characterized 
using infrared and UV-visible solution spectroscopy, and magnetic susceptibility 
measurements over the range 293-87 K. The latter revealed the chromium(II) complex to 
be low-spin and monomeric.
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Single crystal X-ray crystallographic studies carried out on both the free ligand, 
dptaaH2 , and the cobalt(II) complex, Codptaa, revealed them to be substantially less 
puckered than their tmtaa analogues. This has been ascribed to minimal steric interaction 
between the vinylic protons in dptaaH2 and Codptaa with the benzenoid and phenyl rings, 
contrasting the large interaction between the methyl groups and benzenoid rings in tmtaa 
complexes.
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Abbreviations and Notes
Ligands
Abbreviations for ligands are as follows:
TPPH2 Tetraphenylporphyrin
PcH2 Phthalocyanine
acacH Acetylacetone (2,4-pentanedione)
OPD o-Phenylenediamine
dan 1,8-Diaminonaphthalene
Me4phen 3,4,7,8-Tetramethyl-1,10-phenanthroline
bipy 2,2'-Bipyridyl
pic 2-Aminomethylpyridine (2-picolylamine)
4-ppy 4-Pyrrolidinopyridine
tmtaaH2 7,16-Dihydro-5,7,12,14-tetramethyl-2,3:9,10-dibenzo-
1,4,8,11 -tetraazacyclotetradecane-4,6,11,13-tetraene 
dptaaH2 6,13-Diphenyl-5,7,12,14-tetrahydro-2,3:9,10-l,4,8,ll-
tetraazacyclotetradecane-4,6,11,13-tetraene
Solvents
THF
DMF
Tetrahydrofuran
Dimethylformamide
Miscellaneous Chemicals
BuLi Butyllithium
M eli Methyllithium
CF3SO3H Trifluoromethanesulphonic acid (triflic acid)
Magnetic Measurements
The convention used in this work for the expression of the Curie-Weiss constant 0 
is that which assumes that the Curie-Weiss Law is expressed by the relation
Xa  = (T + 0)
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Other Abbreviations
All other abbreviations are standard
Apparatus Diagrams
In the apparatus diagrams, a tap with a greased key is represented as in (a); one with 
a greaseless key, as in (b):
(a) (b)
All the cone/socket joints are standard taper size B 14, unless otherwise indicated.
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Aims of Work
Whilst many transition metal complexes of macrocyclic ligands have long been the 
subject of extensive research in many diverse areas e. g., their roles in biological 
processes, it is only recently that their technological applications have been realized. The 
use of metal phthalocyanines as semiconductors is one such example: its favourable 
electrical properties arising from the stacking nature of the square planar units. This 
premise has led to the supposition that analogous behaviour might be observed in square 
planar chromium(II) complexes with macrocyclic and related nitrogen-donor ligands.
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7cpoaipeic0ai is  8ei ocS'ovaxa eiKoxa jaocMov r) 8\>vaxa amGocva.
A likely impossibility is always preferable to an unconvincing possibility.
Aristotle 384-322 B. C. 
Poetics, 24, 1460a.
Experience is not what happens to us. 
Experience is what we do with what happens to us.
Chapter One
1.1 Introduction
There have very recently been two excellent reviews of advances in chromium(II) 
chemistry covering the period 1986 to 1990, so to avoid repetition the reader is directed to 
these. 1’2 Instead, a detailed discussion is presented on the electron configuration of the 
chromium(II) ion since this is the basis of all chromium chemistry. This in turn leads to the 
explanation of its electronic spectroscopy, magnetic behaviour and finally to its possible 
use in novel semiconductors.
1.2 Electronic Structure of Chromium(II)
In transition metal compounds, the d electrons do not play a large part in bond 
formation, but they do influence the coordination environment of the metal atom and are 
responsible for properties such as their magnetism and electronic spectra.
1.2.1 Crystal Field Splitting o f Energy Levels
In an octahedral environment, the five d  orbitals on the chromium atom (or any 
transition metal atom) do not remain degenerate but split into two groups - the f2g group of 
lower energy and the eg group of higher energy (Figure 1.1).
Energy
degenerate 
d  orbitals
,dx2.y2 dp.
0.6 A
0.4 A
d d d *2s“ x y  “ x z  u y z
Figure 1.1: Splitting of d Orbital Levels in an Octahedral Field
If possible, the electrons will occupy orbitals singly, in order to comply with 
Hund's rule of maximum multiplicity. However, for the transition metals with an outer d 
configuration between d4 and <f inclusive there are two possible configurations which can 
occur, giving rise to low-spin and high-spin states. Since chromium(II) has a d4 
configuration it too can exist in either a high-spin or low-spin form, and these are 
represented in Figure 1.2.
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4
0.6 A
4- 4 - 4 0.4 A 4  4  4
Low-spin, A > P 
CFSE = 1.6 A
High-spin, A < P 
CFSE = 0.6 A
Figure 1.2: Low-spin and High-spin States for the Cr(II) $  ion in an Octahedral
Environment
If possible electrons occupy orbitals singly, in order to follow Hund's rule of 
maximum multiplicity. The increased energy, A, is used to refer to the energy required to 
raise one of the electrons in the ?2g orbital to the eg orbital, and hence maximize the 
multiplicity. This has to be offset against the repulsive energy (also known as pairing 
energy), P, which arises when two electrons occupy the same ?2g orbital. The size of A 
depends on the ligand to which the metal is bonded. For weak field ligands, A is small and 
the high-spin configuration occurs. For strong field ligands, A is large and the low-spin 
configuration occurs.
1.2.2 Jahn-Teller Distortion
The Jahn-Teller effect leads to distortion of six-coordinate chromium(II) complexes 
whereby there is an elongation or compression along a four-fold axis. In high-spin cfi (and 
also low-spin and dP systems) there is an odd number of eg electrons and so Jahn-Teller 
distortion can occur. It is not clear which type of distortion is preferred, i. e. either 
elongation or compression leading to four short and two long bonds, or vice versa. Which 
distortion is present can only be determined experimentally for each compound. The case of 
elongation is described here.
The singly occupied eg orbital in high-spin chromium(II) can be either dz2 or dx2.y2 
and in the free ion both would have the same energy. However, if the metal coordination is 
octahedral the eg levels, with only one occupied orbital, are no longer degenerate. The eg 
orbitals are high energy orbitals relative to t2g since they point directly towards the 
surrounding ligands and so the occupied orbital will experience stronger repulsions and 
hence have somewhat higher energy than the unoccupied orbital. This has the effect of 
lengthening the metal-ligand bonds in the directions of the occupied orbital, i. e. along the z 
axis. Consequently, a structure containing four short and two longer bonds arises. The 
energy level diagram for this situation is shown in Figure 1.3(a). Lengthening of the metal-
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ligand bond along the z axis leads to a lowering of energy of the dz2 orbital. The distorted 
structure is stabilized by an amount ^ > 2  relative to the regular octahedral arrangement and,
hence, the distorted structure becomes the observed ground state.
The degeneracy of the f2g levels is also removed by the Jahn-Teller distortion, but 
the magnitude of the splitting 81 in Figure 1.3(b), is small and the effect is relatively 
unimportant.
{ S2
(b)2 k
Figure 1.3: Energy Level Diagram for the d  Levels in Cr(II) Experiencing a
Jahn-Teller Distortion
1.2.3 Diffuse Reflectance Spectra o f Chromium(II) Complexes
Since the chromium(II) ion has the high-spin configuration of r32g^g this gives rise 
to a 5D free ion ground term.3 Under the influence of a regular octahedral field, the ground 
term splits into a lower doublet 5£ g term and an upper triplet 57 2g level. Therefore, in such 
a field only one spin-allowed d-d transition corresponding to $Eg —» $T2g, is expected in 
the visible spectra of high-spin chromium(II) complexes.
However, Jahn-Teller distortion leads to a further splitting of the 5£ g and 57 2 g 
terms as shown in Figure 1.4. For tetragonally distorted chromium(II) compounds, three 
visible or near infrared absorption bands are predicted corresponding to the transitions:
5# lg  5M g  (vi)
5 # i g 5B2g (V2)
5B \ g  5E g  (V3)
The splitting of the 57 2g term is much smaller than the splitting of the $Eg term. The 
separation of the 5£ g and 5i?2g terms in tetragonal symmetry has been calculated4 to be in 
the order of 2 000 cm-1, so the main band observed in complexes of chromium(II) is 
usually broad due the superimposition of the 5B\g —» 5Z?2g and 5# i g —» 5Eg transitions.
4 -  d
4- - 1-
d^„ d.,~xz  yz
x y
t 5i
(a) —  dx2.y2
4 -  d7
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(a) (b) '(c)
Figure 1.4: Splitting of the 5D Term Under (a) Cubic, (b) Weak, and (c) Strong
Tetragonal Fields
The 5B ig and 5A ig are separated by about 6  500 cm -1 4-7  and so the lower 
frequency transition of 5i?ig —» 5Aig often appears as a shoulder, sometimes called the 
distortion band, to lower wavenumber.
In practice, however, a typical reflectance spectrum may contain only one broad 
asymmetrical band spread between 13 000-17 0 0 0  cm-1 arising from the overlap of all three 
transitions. This can sometimes be resolved into its three components at low temperatures.8
Aqueous chromium(II) spectra usually exhibit a broad asymmetric band in the 
visible region which is believed to contain all three transitions due to tetragonal distortion of 
the octahedral [Cr(H2 0 )6]2+ ion.4 *7
1.2.4 Square Planar Coordination
Although distorted octahedral coordination in chromium(II) complexes is the most 
common arrangement, there are a few square planar complexes known (Table 1.1).
In the d4 system, the planar configuration can arise as a result of an exaggerated 
Jahn-Teller distortion. It has already been shown above that elongation of the metal-ligand 
bond along the z axis leads to a lowering in the energy of the dz2 orbital relative to the 
perfect octahedral arrangement (Figure 1.3). As these bonds are further elongated the dz2
19
Table 1.1: Square Planar Complexes of Chromium(II)
Compound Reference
CrTPP.2toluene 9
(TPPH2 = tetraphenylporphyrin)
Cr(acac)2 10
Cr(acacen) and analogues 11
from bidentate p-ketoamines
Cr[N(SiMe3)2]2(THF)2 12
[pyH]2[CrBr2 (H2 0 )2]Br2 13
Cr[H2B(pz)2]2 14
(H2B(pz)2  = dihydrobis(l-pyrazoyl)borate)
Cr[Et2B(pz)2]2 15
[NEt4]2[Cr(S2C2H4)2] 16
Cr(02CCF3)2(2,6-mepy)2 17
(2 ,6 -mepy = 2 ,6 -dimethylpyridine)
Cr(dpm)2 18
(dpmH = dipivaloylmethane)
[NBu4]2 [Cr(NCS)4] 19
Cr(NCS)2(thiourea)2 2 0
orbital may even fall below that of the orbital. Eventually the situation will arise when 
the distortion from octahedral coordination is sufficiently large that the interaction between 
the metal and ligand electrons along the z axis can no longer be called a bond. The 
compound is now regarded as square planar. In some cases e. g. Cr(acacen), there are in 
fact no axial ligands along z and hence the transformation from octahedral to square planar 
is complete.
In the d4 system, the planar configuration can arise as a result of an exaggerated 
Jahn-Teller distortion. It has already been shown above that elongation of the metal-ligand 
bond along the z axis leads to a lowering in the energy of the dz2 orbital relative to the 
perfect octahedral arrangement (Figure 1.3). As these bonds are further elongated the dz2 
orbital may even fall below that of the dxy orbital. Eventually the situation will arise when 
the distortion from octahedral coordination is sufficiently large that the interaction between
20
the metal and ligand electrons along the z axis can no longer be called a bond. The 
compound is now regarded as square planar. In some cases e. g. Cr(acacen), there are in 
fact no axial ligands along z and hence the transformation from octahedral to square planar 
is complete.
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1.3 Magnetic Properties of Chromium(II)
There are several types of magnetic behaviour possible for a chromium(II) system, 
which depend on the metal having unpaired electrons. The unpaired electrons may be 
oriented at random in different atoms, in which case the compound is paramagnetic. They 
may be aligned so that they are parallel, in which case the compound possesses an overall 
magnetic moment and is ferromagnetic. Conversely, they may be aligned in an anti-parallel 
fashion, resulting in antiferromagnetic behaviour. Since this research work did not produce 
any ferromagnetic complexes, this type of behaviour will not be discussed in depth.
When a substance is placed in a magnetic field, H, the density of the lines of force 
in the sample known as the magnetic induction, B, is given by H plus a contribution of 47tl 
due to the sample itself:
B = H + 4tiI
where I is the magnetic moment of the sample per unit volume. The permeability, P, and 
susceptibility, k , are defined as
P =_B = 1 + 47tK and k  =_I 
H H
The molar susceptibility, %, is given by
X=-KF
d
where F is the formula weight and d is the density of the sample.
The different kinds of magnetic behaviour can be distinguished by the values of P, 
k , % and by their temperature and field dependencies as shown in Table 1.2.
Diamagnetic substances are those for which P < 1 and k and % are small and 
negative. For paramagnetic substances, the reverse is the case i. e. P > 1 and k  and % are 
positive. When placed in a magnetic field, the density of lines of force passing through the 
substance is greater if it is paramagnetic and slightly less if it is diamagnetic, than would be 
present in vacuum. Consequently, paramagnetic substances are attracted by a magnetic field 
whereas diamagnetic substances experience only slight repulsion.
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Table 1.2: Magnetic Susceptibilities
Behaviour Typical % value
(cm3 mol-1)
Change of % with 
increasing temperature Field dependence
Diamagnetism -1 x 10-6 None No
Paramagnetism 0  to 10-2 Decreases No
Ferromagnetism 10-2 to 106 Decreases Yes
Antiferromagnetism 0  to 10-2 Increases (Yes)
In ferromagnetic substances, P »  1 and large values of K and % are observed. 
Such materials are strongly attracted to a magnetic field. In antiferromagnetic substances, P 
> 1 and k  and % are positive, with values comparable to or somewhat less than those for 
paramagnetic substances.
1.3.1 Curie and Curie-Weiss Laws
The susceptibilities of the different kinds of magnetic material are distinguished by 
their different temperature dependencies as well as by their absolute magnitudes. Many 
paramagnetic substances obey the simple Curie law, especially at high temperatures. This 
states that the magnetic susceptibility is inversely proportional to temperature:
X = C/T
where C is the Curie constant. Often however, a better fit to the experimental data is 
provided by the Curie-Weiss law:
% = C/(T + 0)
where 0 is the Weiss constant. These two types of behaviour are shown in Figure 1.4 in 
which X' 1 is plotted against T. This type of plot is used throughout this thesis.
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Figure 1.4: Plot of Reciprocal Susceptibility Against Temperature Showing 
Curie and Curie-Weiss Law Behaviour
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Figure 1.5: Temperature Dependence of the Magnetic Susceptibility For
(a) Paramagnetic, (b) Ferromagnetic and (c) Antiferromagnetic Materials
For ferro- and antiferro-magnetic substances, the temperature dependence of % does 
not fit the simple Curie and Curie-Weiss laws, as shown schematically in Figure 1.5. 
Ferromagnetic materials show a large susceptibility at low temperatures that decreases 
increasingly rapidly with rising temperature (b). Above a certain temperature (the 
ferromagnetic Curie temperature, Tc), the material is no longer ferromagnetic but reverts to 
paramagnetic, where Curie-Weiss law behaviour is usually observed. For 
antiferromagnetic materials (c), the value of % actually increases with rising temperature up
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to a critical temperature, known as the Neel point, Tn - Above Tn , the material again reverts 
to paramagnetic behaviour.
The magnitude of % in the different materials and its variation with temperature may 
be explained by the fact that the paramagnetic % values correspond to the situation where 
unpaired electrons are present in the material. These show some tendency to align 
themselves in a magnetic field. In antiferromagnetic materials, the electron spins are aligned 
antiparallel and have a cancelling effect on %. Hence small values of % are expected. 
Residual % values may be associated with disorder in the antiparallel spin arrangement
For all materials, the effect of increasing temperature is to increase the thermal 
energy possessed by ions and electrons. There is, therefore, a natural tendency for 
increasing structural disorder with increasing temperature. For paramagnetic materials, the 
thermal energy of ions and electrons acts to partially cancel the ordering effect of the 
applied magnetic field. As soon as the magnetic field is removed, the orientation of the 
electron spins becomes disordered. Hence, for paramagnetic materials, % decreases with 
increasing temperature following the Curie/Curie-Weiss law.
For antiferromagnetic materials, the effect of temperature is to introduce disorder 
into the otherwise perfectly ordered antiparallel arrangement of spins. This leads to a 
decrease in the degree of antiparallel ordering, an increase in the number of disordered 
electron spins and hence an increase in %.
1.3.2 Mechanisms o f Antiferromagnetic Ordering
In the paramagnetic state, the individual magnetic moments of the ions containing 
unpaired electrons are arranged at random. Alignment only occurs on application of a 
magnetic field. The energy of interaction between dipoles and a magnetic field is generally 
greater than the thermal energy, kT, possessed by the ions or dipoles.
In the antiferromagnetic state, alignment of magnetic dipoles occurs spontaneously. 
There must therefore be some positive energy of interaction between neighbouring spins 
that allows this to occur in an antiparallel fashion. The origin of this coupling of spins or 
cooperative interaction is quantum mechanical.
One process by which coupling of spins occurs to give rise to antiferromagnetism is 
known as superexchange. Although the example quoted here, for simplistic reasons, is 
NiO it could equally apply to many chromium(II) antiferromagnetic complexes. The Ni2+ 
ion has eight d electrons. In an octahedral environment, two of these electrons singly 
occupy the eg orbitals, dz2 and dx2.y2. These orbitals are oriented so as to be parallel to the 
axes of the unit cell and therefore point directly at adjacent oxide ions. The unpaired 
electrons in the eg orbitals of Ni2+ ions are able to couple magnetically with the electrons in 
the p  orbitals of the O2' ions. This coupling may well involve the formation of an excited
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state in which the electron transfers from the eg orbital of the Ni2+ ion to the oxygen p  
orbital. The p  orbitals of the O2' ion contain two electrons each, which are also coupled 
antiparallel. Hence, provided Ni2+ and O2'  ions are sufficiently close that coupling of 
electrons is possible, a chain coupling effect occurs which passes through the crystal 
structure (Figure 1.6). The effect of this is that neighbouring Ni2+ ions, separated by 
intervening O2- ions, are coupled antiparallel.
pz orbital d7 2 orbital
2+;2+
Figure 1.6: Antiferromagnetic Coupling of Spins of d Electrons on Ni2+ Ions Through
p  Electrons of Oxide Ions
1.3.3 Magnetic Moments in Chromium(II) Complexes
The magnetic properties of unpaired electrons are regarded as arising from two 
causes viz electron spin and electron orbital motion. Of these, the most important is the spin 
component. Since an electron can be considered to be a negative charge spinning on its 
axis, the resulting spin moment ,|is>0 (where s.o = spin only), is 1.73 Bohr magnetons 
(BM). The formula used for calculating |is>0 for a single electron is
Hs.o = gVs(s+l)
where s is the spin quantum number, and g is the gyromagnetic ratio of approximately
2.00. If these values are substituted in the equation then the value of 1.73 BM for a single 
electron is obtained.
For atoms or ions that contain more than one unpaired electron, the spin only 
moment is given by
M-s.o = gVS(S+l)
where S is the sum of the spin quantum numbers of the individual unpaired electrons. 
Thus, for high-spin Cr2+ which contains four unpaired 3d electrons, S = ^  = 2, and fis.o =
26
4.90 BM. Low-spin Cr2+ contains two unpaired electrons, hence S = 1 and |is .0 = 2.83 
BM.
However, the motion of an electron around the nucleus may sometimes give rise to 
an orbital moment which contributes to the overall magnetic moment. In cases where the 
orbital moment makes its full contribution, the observed magnetic moment, Peff, is higher 
than the spin only value. This can be calculated from the formula:
Hcalc = V4S(S + 1) + L(L + 1)
where L is the orbital angular momentum quantum number for the ion. However, this last 
equation does not always hold true because the orbital angular momentum can be either 
wholly or partially quenched. This happens when the electric fields of the surrounding 
atoms or ions restrict the orbital motion of the electrons.
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1.4 Square Planar Complexes as Possible 
Semiconductors
Square planar complexes, and in particular square planar macrocyclic complexes, of 
transition metals have already proved to be good conductors. Several examples of 
compounds which conduct are glyoximates,21-24 dibenzotetraazannulenes,25 
hemiporphyrazines26 and phthalocyanines.27’28 In all these cases the central metal atom has 
the possibility of bond formation perpendicular to the square coordination plane and partial 
oxidation with a halogen (iodine is most commonly used) afforded molecular conductors.
A few square planar chromium(II) complexes are known (Section 1.2.4), but until 
recently none were known to be able to interact strongly with the chromium ion on an 
adjacent molecule. The X-ray crystallographic investigation of [Cr(NCS)2 (thiourea)2]20 
shows the structure to comprise stacked trans-square planar units with a direct, though 
distant (3.97 A), Cr-Cr interaction. However, as the steric requirements of Cr3+ are nearly 
always octahedral, and the attached ligands are only simple monodentate ones, the square 
planar structure would be destroyed on partial oxidation. Quadridentate ligands e. g. 
macrocycles, should hold firmly the chromium ion in a planar environment, even on 
oxidation. Consequently, this research aimed to synthesize square planar complexes using 
a variety of nitrogen donor ligands including macrocycles such as tetraazaannulenes, as 
well as sterically constrained ligands e. g.tetramethylated phenanthrolines. Although the 
synthesis of a novel semiconductor was feasible, it was first necessary to produce the 
planar complexes and this thesis is mainly concerned with their preparation and 
characterization. Nevertheless, general explanations are included here of what constitutes a 
metal, insulator and semiconductor. However, in order to understand these, a brief 
discussion of band theory must first be considered.
1.4.1 Metallic Bonding and Band Theory
Metallic structures and bonding are characterized by delocalized valence electrons 
and these are responsible for properties such as the high electrical conductivity of metals. 
This contrasts with ionic and covalent bonding in which the valence electrons are localized 
on particular atoms, molecules or ions and, in general, are not free to migrate through the 
structure. The bonding theory used to account for delocalized electrons is the band theory 
of solids.
In a metal such as aluminium, the inner core electrons - Is, 2s and 2p - are localized 
in discrete atomic orbitals on the individual aluminium atoms. However, the 3s and 3p 
electrons that form the valence shell occupy energy levels that are delocalized over the 
whole of the metal crystal. These levels are like huge molecular orbitals, each of which can
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contain only two electrons. In practice, in a metal there must be a large number of such 
levels and they are separated from each other by only small energy differences. Thus in a 
crystal of aluminium that contains N atoms, each atom contributes one 35 orbital and the 
result is a band that contains N closely spaced energy levels. This band is called the 35 
valence band. The 3p levels in aluminium are similarly present as a delocalized 3p  band of 
energy levels. The band structure of other materials may be regarded in a similar way. The 
differences between metals, semiconductors and insulators depend on:
(a) the band structure of each
(b) whether the valence bands are full or only partly full
(c) the magnitude of any energy gap between full and empty bands.
The band theory of solids is well supported by X-ray spectroscopic data and by a 
chemical and physical approach. One chemical approach for the band structure of metallic 
sodium using the tight binding approximation, is shown in Figure 1.7. It can be seen that 
the width of a particular energy band is related to the interatomic separation and hence to the 
degree of overlap between orbitals on adjacent atoms. Thus, at the experimentally 
determined value for the interatomic separation, r0, the 3s and 3p orbitals on adjacent atoms 
are calculated to overlap significantly to form broad 3s and 3p  bands (shaded). The upper 
levels of the 35 band with energies in the range C to B, have similar energies to the lower 
levels of the 3p  band. Hence, there is no discontinuity in energy between 35 and 3p  bands. 
Such overlap of bands is important in explaining the metallic properties of elements such as 
the alkaline earth metals.
At the interatomic distance, r0, the 15, Is  and 2p orbitals on adjacent sodium atoms 
do not overlap. Instead of forming bands they remain as discrete atomic orbitals associated 
with the individual atoms. They are represented in Figure 1.7 as thin lines. If it were 
possible to reduce the intemuclear separation from r0 to r' by compression of sodium under 
pressure, then the 2s and 2p orbitals would also overlap to form bands of energy levels 
(shaded). The 15 levels would, however, still be present as discrete levels at distance r \  It 
has been suggested that similar effects would be observed in other elements subjected to 
high pressure. For instance, it has been calculated that hydrogen would become metallic at 
a pressure > 106 atm.
Sodium has the electronic configuration I52 2s2 2 3 5 i. It therefore has one 
valence electron per atom. Since the 35 and 3p  bands overlap (Figure 1.7), the valence 
electrons are not confined to the 3s band but are distributed over the lower levels of both 
the 3s and 3p  bands.
The physical approach to band theory is to consider the energy and wavelength of 
electrons in a solid. In the free electron theory of Sommerfeld, a metal is regarded as a 
potential well, inside which the more loosely held valence electrons are free to move. The
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Figure 1.7: Effect of Interatomic Spacing on Atomic Energy Levels and Bands for 
Sodium, Calculated Using Tight Binding Theory. Shaded Areas Represent Bands of 
Energy Levels, Formed by Significant Overlap of Atomic Orbitals on Adjacent Atoms
energy levels that the electrons may occupy are quantized and the levels are filled from the 
bottom of the well with two electrons per level. The highest filled level at absolute zero is 
known as the Fermi level. The corresponding energy is the Fermi energy, Ep (Figure 1.8). 
The work function, <|>, is the energy required to remove the uppermost valence electrons 
from the potential well. It is analogous to the ionization potential of an isolated atom.
metalair, vacuum * • air, vacuum
Fermi Energy, EF
PE
Figure 1.8: Free Electron Theory of a Metal
The density of states diagram is a plot of the number of energy levels, N(E), as a 
function of energy, E (Figure 1.9). The number of available energy levels increases 
steadily with increasing energy in the Sommerfeld theory. Although the energy levels are 
quantized, there are so many of them and the energy difference between adjacent levels is 
so small that effectively, a continuum occurs. At temperatures above absolute zero, some 
electrons in the levels near to Ep have sufficient thermal energy to be promoted to the empty
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energy levels above Ep. Hence at real temperatures, some states above Ep are occupied and 
others below Ep must be vacant. The average occupancy of the energy levels at some 
temperature T above zero is shown as shading in Figure 1.9.
T K
OK
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energy
levels
■
E, Energy.
Figure 1.9: Density States Plot of the Free Electron Theory
The high electrical conductivity of metals is due to the drift of those electrons that 
are in half-occupied states close to Ef . Electrons that are in doubly occupied states lower 
down in the valence band cannot undergo any net migration in a particular direction, 
whereas those in singly occupied levels are free to move. The promotion of an electron 
from a full level below Ef  to an empty one above Ef  therefore gives rise effectively to two 
mobile electrons.
PE
Distance  --------------------
Figure 1.10: Potential Energy of Electrons as a Function of Distance Through a Solid
The free electron theory is an oversimplification of the electronic structure of 
metals. In more refined theories, the potential inside the crystal or well is regarded as 
periodic (Figure 1.10) and not constant as in Sommerfeld's theory. The positively charged 
atomic nuclei are arranged in a regularly repeating manner. The potential energy of the 
electrons passes through a minimum at the positions of the nuclei, due to coulombic 
attraction, and passes through a maximum midway between adjacent nuclei. The 
Schrodinger equation was solved using Fourier analysis for a periodic potential function
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such as that shown in Figure 1.10. An important conclusion was that an uninterrupted 
continuum of energy levels does not occur but that, instead, only certain bands or ranges of 
energies are permitted for the electrons. Consequently, the density of states diagrams given 
by these results show discontinuities, as illustrated in Figure 1.11.
Similar conclusions about the existence of energy bands in solids are obtained from 
both the molecular orbital and periodic potential approaches. From either theory, a model 
with bands of energy levels for the valence electrons is obtained. In some materials, 
overlap of different bands occurs. In other materials, a forbidden gap exists between 
energy bands.
1.4.1.1 Band Structure o f Metals
Metals are characterized by a band structure in which the highest occupied band, the 
valence band, is only part full (Figure 1.12). The occupied levels are shown schematically 
by the shading. Some levels just below the Fermi level are vacant whereas some above Ep 
are occupied. Electrons in singly occupied states close to Ep are able to move and are 
responsible for the high conductivity of metals.
N(E)
Forbidden
Energy
Levels
Energy
Figure 1.11: Density of States on Band Theory
Valence Band
N(E) full empty empty levels
Figure 1.12: Band Structure of a Metal
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In some metals, such as sodium, energy bands overlap (Figure 1.7). Consequently,
properties of, for example, the alkaline earth metals. The band structure of beryllium is 
shown schematically in Figure 1.13. It has overlapping 2s, 2p bands both of which are 
only partly full. If the 2s and 2p bands did not overlap, then the 2s band would be full, the 
2p  band empty and beryllium would not be metallic. This is the situation in insulators and 
semiconductors.
1.4.1.2 Band Structure o f Insulators
The valence band in insulators is full. It is separated by a large, forbidden gap from 
the next energy band, which is empty (Figure 1.14). Diamond is an excellent insulator with 
a band gap of approximately 6 eV. Very few electrons from the valence band have 
sufficient thermal energy to be promoted into the empty band above. Hence the 
conductivity is negligible.
both 3s and 3p  bands in sodium contain electrons. Overlap of bands is responsible for the
Be
Ef E
Figure 1.13: Overlapping Band Structure of Beryllium Metal
Diamond
N(E) Band Gap approx. 6 eV
Energy
Figure 1.14: Band Structure of an Insulator, Carbon (Diamond)
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1.4.1.3 Band Structure o f Semiconductors
Semiconductors have a similar band structure to insulators but the band gap is not 
very large, usually being in the range of 0.5 to 3.0 eV. There are a few electrons which 
possess sufficient thermal energy to be promoted into the empty band.
Two types of conduction mechanism may be distinguished in semiconductors 
(Figure 1.15). Any electrons that are promoted into an upper, empty band, called the 
conduction band, are regarded as negative charge carriers and would move towards a 
positive electrode under an applied potential. The vacant electron levels that are left behind 
in the valence band may be regarded as positive holes. Positive holes move when an 
electron enters them, leaving its own position vacant as a fresh positive hole. Effectively, 
positive holes move in the opposite direction to electrons.
Conduction Band 
— — e~ e~ e~ e~
Band Gap
Valence Band
Figure 1.15: Positive and Negative Charge Carriers
Intrinsic semiconductors are pure materials whose band structure may be as that 
shown in Figure 1.15. For these, the number of electrons, n, in the conduction band is 
entirely governed by
(a) the magnitude of the band gap
(b) temperature.
Pure silicon is an example of an intrinsic semiconductor.
1.4.1.4 Semiconductivity
In general conductivity is given by the formula
a  = neji
where n is the number of current-carrying species, e is their charge and (I their mobility. In 
metals, the number of mobile electrons is large and essentially constant, but their mobility 
gradually decreases with rising temperature due to electron-phonon collisions.
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Consequently, conductivity gradually drops with rising temperature, as shown 
schematically in Figure 1.16.
Log of 
Conductivity
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Intrinsic Semiconductor
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Figure 1.16: Conductivity Characteristics of Metals, Semiconductors and Insulators
In semiconductors, the number of mobile electrons is usually small. This number 
may be increased by either doping with impurities that provide either electrons or holes, or 
raising the temperature. By increasing the temperature, n and therefore a, rise exponentially 
with temperature, as shown for the intrinsic semiconductivity region in Figure 1.16. The 
relatively small changes in p. with temperature are completely swamped by much larger 
changes in n. Addition of dopants generates extra mobile carriers. At low temperatures in 
the extrinsic region of Figure 1.16, the concentration of these extra carriers is much greater 
than the thermally generated intrinsic carrier concentration. Consequently, carrier 
concentration is independent of temperature and a  shows a slight decrease with temperature 
due to the mobility effect mentioned before.
Insulators differ from semiconductors only in the magnitude of their conductivity, 
which is usually several orders of magnitude lower. Thus, the conductivity of insulators is 
also sensitive to temperature.
The application of band theory to describing the electronic properties of metals, 
semiconductors and insulators has just been described above. The key parameter governing 
their electrical properties is the band gap, E, as indicated in Figure 1.15 and 1.17 for a 
selection of materials. In order to promote electrons across the band gap, absorption of 
energy is required. For small band gaps, < 1 eV, some promotion due to thermal excitation 
occurs, especially with increasing temperature. Materials with E < 0.01 eV are essentially 
metallic. For larger band gaps, radiation of appropriate wavelength can cause promotion
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and the property of photoconductivity results. Thus CdS , E = 2.45 eV, absorbs visible 
light and is being used in the development of photocells, as a means of converting sunlight 
into other forms of energy.
Metals Semiconductors Insulators
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Figure 1.17: Relation Between Electronic Properties and Magnitude of the Band Gap
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Chapter Two
2.1 Equipment for Handling Air-Sensitive 
Compounds
Since almost all chromium(H) compounds are air-sensitive as solids or in solution, 
they were handled under nitrogen or in vacuum.
2.1.1 The Nitrogen Line
Since the nitrogen line (Figure 2.1) has been well described by previous 
workers,1*29 only the basic features will be oudined here. It is evacuated with an oil pump 
protected by a trap immersed in liquid nitrogen at A. Reaction vessels were usually 
attached by flexible rubber tubing to B and C, although occasionally they were attached 
directly at D and E (see Section 2.2 on Solvent Purification, Deoxygenation and Storage). 
A solvent can be deoxygenated by bubbling nitrogen through it in vessel H, and 
transferred by suction to a vessel attached at D. The vessels J and K can act as gas 
reservoirs as well as being used as traps when drying compounds.
2.1.2 Inert Atmosphere Box
An inert atmosphere box is an invaluable piece of apparatus in air-sensitive 
chemistry. It was used for the transfer of compounds into sample tubes, preparation of 
Nujol mulls for infrared spectra, filling of reflectance cells, packing of magnetic 
susceptibility tubes with the less air-sensitive complexes, and for weighing out samples for 
microanalysis.
The inert atmosphere box used during this work was a Faircrest Engineering Mark 
4A model and this is shown in Figure 2.2. The main feature of this system is the gas 
recirculation and purification train (Figure 2.3) which allows the atmosphere in the box to 
be constantly recycled and repurified. As a result the box can be used for several hours 
continuously without the level of oxygen rising above 5 ppm, although it should ideally 
run at about 1 ppm. The purification train consists of a heated BTS catalyst column (C), a 
water-cooled heat exchanger (H), and a column of Linde 4 A molecular sieves (M). The 
taps are arranged so that each section can be individually sealed off without disturbing the 
gas flow.
Purified nitrogen from the recirculation and purification train enters the box (Figure 
2.2) at A and leaves at A'. Pressure is prevented from rising above ca. 2" w. g. by the 
three-way valve B on the outlet bubbler. If the pressure falls below this value, the valve B 
admits nitrogen direct from the cylinder; alternatively there is an auxiliary nitrogen inlet 
valve on the purification train which is operated by a foot-switch. The inlet ports P and F
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Figure 2.1: The Nitrogen Line
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Figure 2.2: Top View of the Inert Atmosphere (Nitrogen) Box
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Figure 2.3: Gas Recirculation and Purification System
are purged with nitrogen before use, the smaller port requiring only 15 minutes sweeping 
as opposed to 45 minutes for the larger port.
Since the gloves are made of rubber, there is the possibility of oxygen and water 
vapour permeating in through them. Two gas-tight removable internal covers seals the 
gloves from the box when it is not in use, and allows the gloves to be evacuated and filled 
with nitrogen before entry. Admission of water vapour from hands is reduced by wearing 
disposable surgical gloves inside the heavy rubber gloves.
The level of oxygen within the inert atmosphere box was monitored using a Model 
EC90 oxygen meter supplied by Systech lnstruments Ltd.
2.1.3 Glassware
For straightforward aqueous and ethanolic reactions, an "all-in-one" greased three- 
tapped vessel (Figure 2.4) or a greased three-tapped head (Figure 2.5) with a flask (Figure 
2.6) were used.
For non-aqueous reactions, "all-in-one" greaseless three-tapped vessels were used 
to avoid the problem of grease stripping when using solvents such as THF, toluene and 
hexane. As can be seen from Figure 2.7, the design is the same as its greased counterpart, 
the only modification being in the replacement of the greased taps with greaseless ones 
supplied by J. Young (Scientific Glassware) Ltd.
The sinters used were mainly numbers 2 or 3, and the sinter unit could consist of 
none, one or two greased or greaseless taps (Figures 2.8, 2.9a, 2.9b, 2.10a and 2.10b). 
In units containing two taps, there were no difficulties with sealing off the compound on 
the sinter since it only required the taps to be closed. The isolated unit could then be taken 
into the inert atmosphere box. However, in units with only one or no taps, it was vital to 
remember to insert a tapped adaptor (greased or greaseless) as shown in Figures 2.11a,
2.1 lb and 2.1 lc, before dismantling the filtration apparatus.
Since large amounts of dry solvents were needed in much of this work, solvents 
were dried and deoxygenated in bulk (as outlined in Section 2.2) and stored in one-litre 
flasks until required. Delivery heads such as that shown in Figure 2.12 allow anaerobic 
transfer of solvents to reaction vessels without the need for syringe techniques.
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Figure 2.4:
"All-in-one" Greased Three-Tapped Vessel
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Figure 2.5: Greased Three-Tapped Head
Figure 2.6: Reaction Flask
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Figure 2.7:
"All-in-one" Greaseless Three-Tapped Flask
44
Figure 2.8 Figure 2.9a F igure 2.9b
Figure 2.10a
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Figure 2.10b
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Figure 2.11a Figure 2.11b Figure 2.11c
B29
Figure 2.12: Delivery Head
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2.2 Solvent Purification, Deoxygenation and 
Storage
All solvents and reagents used in experiments involving air-sensitive compounds 
were carefully deoxygenated before use. Extra care was taken in purifying and drying 
solvents and reagents, since any traces of oxygen or moisture could lead to unwanted side 
reactions.
2.2.1 Solvent Purification
All solvents were purified according to published methods.30 Once purified, the 
required solvent was poured into a two-litre round-bottomed flask and attached to the still 
shown in Figure 2.13. After refluxing for the stated length of time, the freshly distilled 
solvent was run into a bulk storage vessel as described below.
2.2.1.1 Tetrahydrofuran
Potassium hydroxide pellets (100 g) were added to a Winchester of tetrahydrofuran 
(THF) and left for one day. The THF was filtered through glass wool into a two-litre 
round-bottomed flask and refluxed for two hours over a piece of potassium metal. Several 
grammes of benzophenone were added and refluxing continued until a dark blue purple 
colour persisted. The still flask was topped up with potassium hydroxide- or sodium-dried 
THF.
The apparatus was cleaned and set up again with freshly dried THF every four 
weeks. Any remaining potassium metal was destroyed by the addition of propanol or 
methylated spirit, and once the reaction had ceased the residue discarded with plenty of 
water.
2.2.1.2 Methanol and Ethanol
AnalaR methanol (400 cm3), magnesium turnings (20 g) and a crystal of iodine 
were heated together on the still until the magnesium had ceased reacting. The flask was 
topped up with methanol and refluxed for one hour.
It was cleaned and recharged every four weeks, the magnesium methoxide being 
destroyed with copious amounts of water.
2.2.1.3 Dichloromethane
Potassium carbonate (50 g) and phosphorus pentoxide (25 g) were added to a 
Winchester of AnalaR dichloromethane and the mixture stood for one day. The dried
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Figure 2.13: Solvent Still
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solvent was decanted into a two-litre round-bottomed flask, the same amounts of K2 CO3 
and P2 O5  added as above, and the dichloromethane refluxed for two hours.
It was cleaned and recharged every six weeks, the mixture being destroyed with 
plenty of water.
2.2.1.4 Diethyl ether
Ferrous sulphate (50 g) was added to a Winchester of AnalaR diethyl ether which 
was allowed to stand for one day. Potassium hydroxide (100 gj was added and the 
Winchester stood for two days. Three dies of sodium wire were finally added and left to 
stand for three days.
The diethyl ether was decanted into a two-litre round-bottomed flask, and refluxed 
over sodium hydride (20 g) until no more effervescence was observed. The still flask was 
topped up with more sodium dried diethyl ether.
It was cleaned and recharged every eight weeks, the sodium hydride residue being 
destroyed by decanting the ether into a three-litre beaker and leaving it in the fume 
cupboard to evaporate. Petroleum ether (100°-120°C, 750 cm3) was added carefully to the 
still flask, followed by cautious addition of w-butanol to the mixture, waiting until 
hydrogen evolution slowed before adding further aliquots.
2.2.1.5 Toluene
A Winchester of AnalaR toluene containing two dies of sodium wire was stood for 
one day, then decanted into a two-litre round-bottomed flask, and refluxed over a piece of 
sodium metal for two hours.
It was cleaned and recharged every six weeks, the remaining sodium being 
destroyed using propanol or methylated spirit, and the sodium alkoxide thus formed 
discarded using plenty of water.
2.2.2 Deoxygenation and Storage
Small quantities of solvent were normally deoxygenated by the ffeeze-pump-thaw 
method.31 The liquid is cooled under vacuum in liquid nitrogen until it is completely 
frozen, allowed to warm up still under vacuum, then reffozen and any non-condensable 
gases which boiled out of the solvent are pumped away. Three or four cycles are usually 
sufficient to completely degas the liquid.
Large quantities of solvents were deoxygenated on the line by saturation with 
nitrogen. A one-litre bulk storage flask (Figure 2.12) was dried at 140°C overnight, flame- 
dried and allowed to cool under vacuum and filled with nitrogen. With nitrogen flowing 
through, the delivery head was separated from the flask which was stoppered. At the still
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(Figure 2.13), the flask was unstoppered, filled with dried, purified solvent (see above) 
and restoppered. It was transferred back to the line, the delivery head replaced and 
nitrogen bubbled through the solvent for five minutes. The solvent was now purified, 
dried and stored under nitrogen.
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2.3 Techniques For Alkyllithium Work
Here the descriptions refer to butyllithium (BuLi), but the same procedures were 
used with methyllithium (MeLi), and could be applied equally well to other alkyllithium 
and pyrophoric solutions.32 The reactions of BuLi and MeLi are discussed more fully in 
Chapter 6 .
2.3.1 Syringe Techniques
It was essential to become competent in the use of syringes31 to add butyllithium to 
reaction mixtures because BuLi is very reactive towards moisture and oxygen, igniting 
spontaneously on exposure to air. As a precaution a beaker of a 1:1 mixture of petroleum 
ether and butanol was kept close by to squirt the BuLi into in case of accidents.
The syringes must have an easily moveable, but air-tight, plunger. Those supplied 
by Segma were found to be suitable. Standard 21 s. w. g. syringe needles with a non­
coring tip supplied by the Aldrich Chemical Company were used.
Figure 2.14: Syringe Purging System
The syringes were dried at 140°C overnight and then transferred rapidly to a 
desiccator where they were left until cold. The syringe was purged using the system 
shown in Figure 2.14. The serum cap is pierced by the syringe needle, and with a slow 
flow of nitrogen through the bubbler, the barrel is filled by slowly withdrawing the 
plunger, taking care that the rate of filling does not exceed the nitrogen flow. The syringe 
is then emptied. Ten cycles of this purging routine were found to be sufficient for the
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complete expulsion of any air. The syringe is sealed by embedding the needle tip in a 
rubber bung. The syringe is usually sealed full of nitrogen, since in the few seconds 
between taking the needle tip out of the rubber bung and piercing the Sure Seal® cap of the 
butyllithium bottle, some of the nitrogen can be expelled, preventing diffusion of oxygen 
into the needle. Once the syringe needle was inside the bottle the required amount of 
butyllithium could be drawn up into the syringe barrel.
2.3.2 Serum Caps
The use of serum caps (also known as Suba Seals®) in conjunction with syringe 
techniques is mandatory, since they provide an effective means of sealing an aperture and 
yet allowing the insertion of a needle through which the butyllithium can be injected. They 
were not fitted to vessels which required purging by evacuation because this would 
provide a weak spot and increase the likelihood of air entering. The standard procedure 
was to evacuate and fill the vessel with the aperture sealed with a stopper or tap key. With 
a brisk stream of nitrogen flowing through the bubbler, and taps F, L, and M all open, the 
tap was removed from the barrel and a serum cap quickly fitted. Wiring down of the serum 
caps was not required because during the short time they were fiited there were not large 
increases or decreases in the pressure inside the reaction vessel
2.3.3 Glassware
In butyllithium reactions vessels, sinters and adaptors with greaseless taps were 
used because the solvents involved, toluene, THF and hexane, rapidly strip grease.
Laboratory glassware contains a thin film of adsorbed moisture which is easily 
removed by drying at 140°C overnight. The apparatus is assembled while hot, flame-dried 
and allowed to cool in vacuo.
2.3.4 General Procedure
A clean, greaseless three-tapped reaction vessel (Figure 2.7) was dried overnight at 
140°C, then fitted to the solvent storage flask while still hot using an adaptor bent at 90°. 
The entire apparatus was flame-dried and allowed to cool under vacuum. The desired 
amount of solvent was then transferred to the flask. A sample tube filled with the 
calculated amount of ligand was fitted to the upper portion of the vessel and deoxygenated 
in situ with tap A open but B and C closed. B was opened and the ligand shaken into the 
reaction vessel, inverting it several times to wash the ligand into the flask. The mixture 
was further deoxygenated by the freeze-pump-thaw method (Section 2.2.2). A sample
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tube containing a known amount of anhydrous chromium(II) acetate and fitted with a 
greaseless tapped adaptor (Figure 2.1 la), was fitted to the reaction vessel, and purged via 
tap A in the usual way. With A and B closed, but C open, the ligand solution was cooled 
to between -30° and -40°C in dry ice-acetone under a background flow of nitrogen. The 
flow of nitrogen was increased and a serum cap fitted in the barrel of tap B. The calculated 
amount of a known molarity of butyllithium is added dropwise from an air-tight syringe 
through the serum cap. The assembled apparatus is illustrated in Figure 2.15. After 
coming to room temperature and stirring for 30 minutes, the mixture was recooled as 
before. The anhydrous acetate was tapped in, and this time when the mixture had reached 
room temperature it was stirred for a minimum of 4 hours. The solvent was removed using 
the concentration apparatus shown in Figure 2.16, and the residue extracted with a second 
solvent (also from a bulk storage vessel). "The slurry was heated to extract as much product 
as possible, then filtered while hot. The filtrate was allowed to cool to room temperature 
and placed in the freezer. The product was obtained by filtration under reduced nitrogen 
pressure, dried under vacuum and transferred into pre-weighed sample tubes in the inert 
atmosphere box.
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Anhydrous Cr(II) salt
BuLi or MeLi
Ligand in solvent
□
Dry ice - acetone mix
Figure 2.15: Apparatus for Alkyllithium Reactions
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Figure 2.16: Concentration Apparatus
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2.4 Preparation of Starting Materials
All chromium(II) compounds are readily oxidized by atmospheric oxygen, so 
careful precautions must be taken to prevent contact with air. The chromium(II) 
compounds were exposed only to oil-pump vacuum or rigorously-purified nitrogen, using 
either the nitrogen line or the inert atmosphere box (see Section 2.1). All reagents were 
deoxygenated or degassed before use (see Section 2.2), having been dried or purified as 
necessary.
2.4.1 Chromium(II) Halides
Chromium(II) chloride, bromide and iodide were all prepared according to the 
published methods33 by the dissolution of pure chromium metal chunks (Aldrich, 99+ %) 
in the corresponding hydrohalic acid using the proportions shown below:
Type of Cr(II) halide Amount of acid Amount of water
(cm3) (cm3)
CrCl2 .4 H2 0 16 36
CrBr2 .6H2 0 40 - 60 %, 16 36
CM2 .6H2 O 16 36
The reaction mixture was allowed to stir under nitrogen for 4-6 hours. The solution 
was reduced in volume until crystallization commenced and then AnalaR acetone was 
added to complete crystallization. The product was filtered off under reduced nitrogen 
pressure and washed with acetone.
If the hydrated halide was required the product was dried under vacuum at room 
temperature for 4-6 hours; if the anhydrous halide was required the product was heated on 
a sinter (Figure 2.17) in an oil bath under vacuum raising the temperature 20°C every 2 
hours until a final temperature of 120°C was reached.
The sinter was then taken into the inert atmosphere box, the product loosened with 
a long-handled spatula and shaken into pre-weighed sample tubes and the mass of the 
contents determined by difference.
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Figure 2.17: Sinter for Drying Compounds in an Oil Bath 
2.4.2 Chromium(II) Acetate
Chromium(II) acetate was prepared by the method of Ocone and Block34 adapted 
for use on the nitrogen line.
Aqueous chromium(II) chloride was added to a three-fold molar excess of sodium 
acetate dissolved in deoxygenated water. The deep pink product formed immediately and 
the mixture was allowed to stand for 15 minutes with occasional shaking.
If the hydrated product was required, the mixture was filtered and the brick red 
product washed with deoxygenated water and dried under vacuum at room temperature for 
4 - 6  hours.
If the anhydrous product was required, the slurry was filtered and washed with 
water. Two hours drying at 120°C in an oil bath (using the sinter in Figure 2.17) was 
found to be sufficient to give the bright orange-brown anhydrous powder.
57
2.4.3 Bis(acetylacetonato)chromium(II), Cr(acac)2
Chromium(II) acetylacetonate was prepared by the method of Ocone and Block.34
Acetylacetone (2,4-pentanedione, Aldrich, 1.89 g, 18.7 mmol) was degassed by 
the freeze-pump-thaw method31 and added to a slurry of chromium(II) acetate 
monohydrate (1.76 g, 9.4 mmol) in deoxygenated water (50 cm3). The slurry which 
formed was allowed to stand for 30 minutes with occasional shaking. The product 
precipitated out as a dark sandy-brown microcrystalline solid.
Cr(acac)2 is stable indefinitely under nitrogen when thoroughly dried before 
isolation, but if sealed off when any traces of water are present, it will change to a dark 
brown colour over a period of time. To avoid this, the product should be dried under 
vacuum at 120°C for 6 hours.
Cr(acac)2 is a pale sandy-brown crystalline solid which oxidizes rapidly on 
exposure to air, often with charring and smoking.
2.4.4 B is(trifluorom ethanesulphonato)chrom ium (II) tetrahydrate, 
Cr(CF3S03 )2(H20)4
A mixture of pure chromium metal chunks (12.0 g, 0.23 mol), 
trifluoromethanesulphonic acid (Aldrich, triflic acid, 30 cm3, 50 g) and water (50 cm3) 
were heated in a water bath at 65°C for 5 hours. The unreacted metal was removed by 
filtration. If crystals were required the filtrate was concentrated by one-third, placed in the 
freezer and the large, well-formed, blue platelets were obtained by filtration and dried 
under vacuum for several hours. However, if a powder was required, the filtrate was 
concentrated to near dryness, and deoxygenated AnalaR diethyl ether added to precipitate 
the product. This was filtered off under reduced pressure and dried under vacuum.
This starting material should prove extremely versatile in chromium(II) chemistry 
since triflate is probably a non-coordinating anion. In other transition metal chemistry 
perchlorate is often used for the same purpose, but this is not suitable for chromium(II) 
since it may lead to an explosive material, hence Cr(CF3SC>3)2(H20)4 is much safer to 
handle.
2.4.5 Chromium(II) Tetrafluoroborate, Cr(BF4)2-6H20
The same method was followed as in Section 2.4.1 but tetrafluoroboric acid (48 
%, 10 cm3), water(40 cm3) and chromium metal chunks (5 g) were used.
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2.4.6 [Li2Cr(CHs)4(Et20)2]2
Bis[lithium(tetramethylchromium(n)diether solvate)] was prepared by the method 
of Kurras and Otto.35
Anhydrous chromium(II) chloride (0.64 g, 3.74 mmol) was tapped into a 
greaseless three-tapped vessel containing methyllithium in ether (45 cm3, 1.4 M, 0.063 
mol) cooled to -30°C in dry ice-acetone over 30 minutes. After stirring between -20°C and 
-30°C for 1 hour, the yellow slurry was allowed to come to room temperature and stirred 
for a further 10 minutes. Any unreacted CrCl2 was filtered off and the clear amber filtrate 
was concentrated by one-third. Golden yellow crystals formed overnight.
[Li2Cr(CH3)4(Et20)2]2 is extremely air-sensitive, glowing bright red and 
sparking on exposure to air. It is a versatile starting material for non-aqueous preparations, 
and is good alternative to butyllithium-type reactions.
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2.5 Methods of Characterization and Analyses
2.5.1 Magnetic Susceptibility Measurements
Magnetic susceptibility studies were carried out using a variable temperature Gouy 
Balancel supplied by Newport Instruments Ltd., at temperatures ranging from room 
temperature down to liquid nitrogen temperature. Field strength, H, was controlled by 
varying the current supply to the electromagnet using a highly accurate ammeter, which 
also made precise reproduction of a particular field possible.
Samples were prepared by packing the solid tightly into a flat-based Pyrex glass 
tube of uniform bore. The tube itself had been calibrated for its diamagnetism at various 
field strengths throughout the range of temperatures.
The tube was filled with compound of weight, w. After gently tapping the tube on 
a wooden surface to ensure uniform packing, the length, 1, of the sample inside the tube 
was measured. The tube was then suspended from the exact length of cotton to set the 
bottom of the sample in the centre of the magnetic field.
To minimize errors due to the paramagnetism of the oxygen, the chamber 
containing the specimen was evacuated and flushed with nitrogen. The very low 
susceptibility of nitrogen (-0.0004 x 10‘6 c. g. s) could be neglected in calculations. A 
further advantage was that at very low temperatures (90 K) atmospheric oxygen could not 
condense on the specimen.
The sample was suspended from the arm of the balance carefully down into the 
cryostat between the poles of a magnet. With the help of the moveable platform the sample 
could be moved to the centre of the chamber so that it did not touch the walls at any time 
during measurements. The change in weight, w, of the sample, corrected for the 
diamagnetism of the tube, was determined at various field strengths. The pull, w, on the 
sample was then determined at different temperatures down to liquid nitrogen temperature.
The molar susceptibility, %M, is obtained from the equation:
%U = 2gMl w 
wH^
where g = acceleration due to gravity 
1 = length of sample
M = molecular weight of sample 
w = mass of sample
H = field strength (from calibration curves) 
w = pull on sample due to field H.
60
The atomic susceptibility, %a , of the metal was obtained by correcting for the 
diamagnetism of the ligands and groups present using Pascal's Constants.
The effective magnetic moment, peff, was calculated from the relationship:
Heff = 2.828 V z a T BM
where T = temperature in Kelvin 
BM = the Bohr Magneton.
2.5.2 Diffuse Reflectance Spectra
Diffuse reflectance spectra were recorded on a Beckmann Acta MIV 
Spectrophotometer. If necessary, the sample was ground in the inert atmosphere box using 
a mortar and pestle and transferred to a reflectance cell (Figure 2.18) with a small spatula. 
The cell was tapped gently to ensure even packing of the sample and stoppered under 
nitrogen. The spectrum of the sample was recorded over the range 2 000-350 nm with LiF 
as reference.
Figure 2.18: Diffuse Reflectance Spectrum Cell
2.5.3 Infrared Spectra
The infrared spectra were recorded on a Perkin Elmer 577 Spectrophotometer. For 
the range 4 000-400 cm-1 KBr plates were used, the samples all being prepared as Nujol 
mulls in the inert atmosphere box.
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2.5.4 Ultraviolet and Visible Solution Spectra
Ultraviolet and visible spectra were run on a Philips PU8740 Scanning 
Spectrophotometer over the range 900-190 nm. The solutions were prepared under 
nitrogen by dissolving a known amount of the compound in a known volume of the 
solvent and transferring it to a 1 cm silica cell (Figure 2.19).
Figure 2.19: Solution Spectrum Cell
2.5.5 Analysis fo r  Butyllithium in Hexane Solution
The strength of the butyllithium solutions in hexane puchased from the Aldrich 
Chemical Company was determined by the method of Ronald, Lansinger and Winkle.36 It 
is important to know the molarity of the solutions being used, since excess butyllithium 
can lead to undesirable side reactions, but insufficient can result in incomplete reaction.
The butyllithium solution is added dropwise from a deoxygenated 1.0 ml syringe 
to a known mass of ca. 150 mg of 2,5-dimethoxybenzyl alcohol (DMBA) in dry, 
deoxygenated THF (5 cm3). The end point of the titration is reached when a faint red- 
brown colour persists. The molarity of the butyllithium is then determined from the 
expression:
OMe OMe
+ BuLi
OMe OMe
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In the majority of cases, the BuLi solutions were found to be of similar molarity to 
that stated on the label, however this decreased on standing once ’’opened".
2.5.6 X-Ray Crystal Structure Determinations
Single crystals for X-ray diffraction measurements were loaded into Lindemann 
capillaries using the method previously described1. The structures were determined by Mr. 
G. W. Smith at the University of Surrey.
2.5.7 Microanalyses
Analyses for carbon, hydrogen and nitrogen were carried out by the University of 
Surrey Microanalytical Service. The sample was accurately weighed out in the inert 
atmosphere box into a high purity tin sample pan (Goodfellow Metals, 99.9+ % tin), 
which was then sealed by crimping prior to analysis using a Carlo Erba 1106 elemental 
analyzer.
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Chapter Three
3.1 Introduction
3.1.1 Stacked Square Planar Chromium(II)
During recent investigations into the chemistry of chromium(II) it has become 
apparent that although tetragonal six coordination is the most common stereochemistry,2 
several different structural types of chnomium(II) complexes are possible. These have been 
inferred from magnetic and spectroscopic properties2 and many have been confirmed by X- 
ray crystal structures. Some have dinuclear structures analogous to that of the acetate 
[Ci2(02CCH3)4(H20)2],37 whereas others are square planar and a few are five coordinate 
species.2 The X-ray crystallographic investigation of [Cr(NCS)2(thiourea)2]20 shows the 
structure to comprise stacked trans-squaic planar units with a long (3.97 A) Cr-Cr 
interaction. This led to the idea that partly-filled conductance bands could develop if stacked 
square planar complexes of chromium(II) could be made with an intermolecular distance 
short enough to facilitate the overlap of the dz2 orbitals in linear chains. Partial oxidation of 
these systems could produce a mixed oxidation state system of both +2 and +3 chromium 
ions which might give rise to novel chromium(II) semiconductors. This principle has 
already been applied and found to be successful in the case of phthalocyanines38.
In the case of [Cr(NCS)2(thiourea)2] the Cr....Cr separation is 3.97 A.20 As the 
steric requirements of Cr3+ are nearly always octahedral, and the attached ligands are only 
simple monodentate ones, the square planar structure would be destroyed on partial 
oxidation. However, in quadridentate ligands generally, the chromium ion should be firmly 
held in a square planar environment even on oxidation. It was for this reason that we chose 
the tetraaza macrocycle 7,16-dihydro-5,7,12,14-tetramethyl-2,3:9,10-dibenzo-l,4,8,ll- 
tetraazacyclotetradecane-4,6,11,13-tetraene, (tmtaaH2,1) to start our investigations.
Me, Me
Me1 Me
I
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In order to present a logical sequence for the motives behind the preparation of the 
Cr(II)-OPD complexes, a brief review of tmtaaH2 will be given here and a more detailed 
discussion of tmtaaH2 and other macrocyclic compounds is deferred to Chapter 5.
3.1.2 Tetramethyltetraazaannulene Complexes
In the last decade there has been a great deal of interest in the tetraazaannulene 
macrocyclic ligands39-55 and their transition metal complexes because they are models for 
biological systems such as poiphyrins and corrins. The metal complexes44-54 have also 
been studied in order to understand more fully their role in biological processes.
The use of metal tetraazaannulenes as catalysts is a burgeoning area of research. It 
has been shown that nickel(II) tetramethyltetraaza[14]annulene (Nitmtaa) can be 
electrochemically polymerized onto an electrode56 and this polymerized film used to catalyze 
the reduction of carbon dioxide to formate.57*58 In addition, a cobalt tetraazaannulene has 
been used to catalyze the conversion of a cis- compound to a trans- compound.59 Finally, 
film formation on an electrode surface has led to much interest since these films60-70 have 
also found use for energy storage,71 electronic devices,72-74 photo sensitization75 and 
controlled ion release 76
The nickel(II) complex of the tetraaza m acrocycle, 5,7 ,12,14- 
tetramethyldibenzo[b,i][l,4,8,ll]tetraaza[14]annulene (tmtaaH2,1), can be prepared77*78 
by refluxing nickel(II) acetate, ophenylenediamine and acetylacetone in methanol for 48 
hours.
Many transition metal complexes of tmtaaH2 have now been prepared and these are 
listed below.
Complex Reference
Cotmtaa 45
Cutmtaa 79
Fetmtaa 55
Mntmtaa 53
Mo2tmtaa2 43
Nitmtaa 77,78
Pdtmtaa 56
Pttmtaa 56
Retmtaa 80
Rhtmtaa 80
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Nitmtaa is believed to form through a pale green intermediate nickel(II)-OPD 
complex. Consequently, when attempts to synthesize the Cr(II) analogue of tmtaaH2 by the 
template method of refluxing anhydrous chromium(II) acetate with o-phenylenediamine and 
acetylacetone in various solvents failed, efforts were switched to preparing chromium(II)- 
OPD intermediates. As a result, a novel series of complexes was derived.
3.1.3 o-Phenylenediamine Complexes o f Transition Metals
Hieber,8! who first studied complexes of OPD (II), established that it could 
function as a monodentate ligand.
The chief evidence for this was the approximate 1:1 displacement of OPD from some 
of its complexes by gaseous ammonia. However, this method was not reliable for 
compounds containing fewer than four or six o-phenylenediamines. It was concluded that 
the monodentate diamine was present in divalent cobalt, nickel, copper, cadmium and zinc 
compounds with four or six o-phenylenediamine molecules, and in most other complexes of 
these metals with between one and three OPD ligands. The exceptions which contained 
bidentate diamine were Cu(0PD)2(N03)2, Cu(0 PD)2 S0 4  and Cd(OPD)Cl2. However, 
from later work it is clear that this method has limited application.
Later, the results were re-evaluated82 using NH stretching frequencies. It was 
suggested that the presence of NH bands in OPD complexes near to those found in the free 
ligand is diagnostic of the presence of uncoordinated amino groups. Thus, a band above 
3350 cm" 1 is indicative of uncoordinated NH2 groups, whereas coordinated NH2 groups 
show no strong absoiptions above 3330 cm’ *. It was concluded that Cd(OPD)Cl2 
contained monodentate OPD whereas Cd(OPD)2Cl2 contained the bidentate diamine. These 
results were contrary to Hieber’s findings, whereas their study of the remaining OPD 
complexes viz Ni(0PD)2S04, Ni(OPD)2Cl2, Cu(OPD)2Cl2 (monodentate OPD) and 
Zn(OPD)2Cl2 (bidentate diamine) served to confirm Hieber’s work.
Investigation of the magnetic and spectral properties of some nickel(II) complexes 
with OPD was undertaken83 in an attempt to clarify its donor behaviour and once again 
results indicated that OPD could be monodenate or bidentate. The conclusions generally 
reinforced those postulated for Ni(D)-OPD complexes previously prepared (see above).82 A
II
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criterion for detecting the presence of monodentate OPD based on CN stretching frequencies 
was proposed, to complement the results from the NH stretching frequencies.82 In the 
spectrum of uncoordinated OPD the CN stretching frequency is at 1276 cm"*. In the case of 
aromatic amines coordination lowers the CN stretch84*85 by 20-50 cm- * and in all the 
known OPD complexes there is a strong CN absorption in the 1260-1230 cm"l region. The 
infrared absorptions for the transition metal complexes of OPD reported in the literature have 
been compiled in Table 3.1. For example, [Ni(OPD)3](N03)2 which appeared to be a tris- 
chelate from its diffuse reflectance spectrum and conductivity behaviour, had one band at 
1255 cm 'l. The absence of a CN stretching frequency corresponding to the free OPD 
indicated the presence of bidentate OPD only. Hence, the formulation as a tris-chelate was 
correct. However [Ni(OPD)4]Cl2, which must contain ligands with uncoordinated NH2 
groups, had an additional absorption at 1282 cm"*. Thus a strong band in the region 1282- 
1277 cm'* indicates uncoordinated NH2 groups and one in the 1260-1230 cm"l region 
indicates coordinated groups.
The structure of the hexakis OPD complex, Ni(OPD)6Cl2, was uncertain until its 
crystal structure was published in 1975.85 Its reflectance spectrum is similar to those for the 
tetrakis-complexes indicating a distorted hexa-coordinate structure, and is consistent with 
two possible structures:
(a) Ni(OPD)4Cl2.20PD i. e., the tetrakis complex with two lattice OPD molecules,
and
(b) Ni(OPD)6 Cl2  containing six monodentate ligands.
The similarities in the diffuse reflectance spectra of the tetrakis- and hexakis- 
compounds were consistent with both these structures since they both contain six nitrogen 
donor atoms.
Thermogravimetric and differential thermal analysis studies showed the OPD to be 
fairly strongly held. The first significant loss of ligand from Ni(OPD)6Cl2 occurred 
between 150°-243°C, with the maximum weight loss occurring at about 238°C. Differential 
thermal analysis on the hexakis compound gave endotherms at 181°C and 234°C. To 
simulate the compound Ni(0PD)4Cl2.20PD a mixture of Ni(OPD)4Cl2 and OPD was 
used. With this, the thermal behaviour was quite different, the first OPD molecules were 
lost at 110°-212°C, the maximum weight loss was at about 200°C and on differential thermal 
analysis, free OPD gave a melting endotherm at 108°C.
The infrared spectrum of Ni(OPD)6Cl2 showed virtually no bands corresponding to 
either free OPD or Ni(OPD)4Cl2* Finally, the X-ray powder photographs of Ni(OPD)4Cl2 
and Ni(OPD)6Cl2 were totally different. As a result of this evidence, it was concluded that 
the structure of Ni(OPD)6Cl2 consisted of six monodentate OPD.
A series of analogous Fe(II)-OPD complexes was reported87 including 
Fe(OPD)6Cl2, which was found to be isomoiphous with Ni(OPD)6Cl2. A criterion based
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upon a strong CN stretch at 1280 cm”* relative to the absorption in the 1260-1230 cm~l 
region, was postulated to be indicative of solely monodentate OPD. Unfortunately, it was 
founded on the belief that Ni(OPD)6Cl2 contained only monodentate OPD.
While investigating the effects of OPD adsorbed onto the surface of mercury 
electrodes in the electrochemical reduction of [Ni(H20)6]^+, crystals of Ni(OPD)6Cl2 were 
obtained and the first crystal structure of a transition metal-OPD complex was determined.86 
This revealed the structure to be [Ni(OPD)4Cl2].20PD, consisting of two bidentate, two 
r/YZ/tf-monodentate and two lattice OPD molecules. These OPD molecules are held by an 
extensive network of hydrogen bonding involving the [Ni(OPD)4]2+ and the chloride 
anions. The publication of this structure helped to clarify some of the apparently inconsistent 
observations previously made.83
Firstly, the similarities in the reflectance spectra of Ni(OPD)6Cl2 and Ni(OPD)4Cl2 
arise since they have the same parent cation of [Ni(OPD)4]2+. The crystal structure of the 
tetrakis cation showed the fra/is-monodentate OPD ligands to complete a distorted 
octahedron around the nickel.
Secondly, the [Ni(0PD)4]Cl2.20PD postulation was previously discarded mainly 
due to the thermogravimetric results. In the initial attempt to verify the hexakis structure, 
some [M(N03)2(py)3].3py compounds were used in comparison.88 Marks et a/.83 had 
overlooked the fact that OPD forms hydrogen bonds and the pyridine complexes do not. 
Thus, the loss of strongly hydrogen bonded OPD lattice ligands would not be expected to 
occur at the same temperature as a sample containing Ni(OPD)4Cl2 and free OPD. The 
melting endotherm corresponding to free OPD at 108°C was not seen in the Ni(OPD)6Cl2 
sample, but was seen in the mixture of the simulated "Ni(OPD)6Cl2" i. e. Ni(OPD)4Cl2 
and free OPD.
Thirdly, the NH stretching region in the Ni(OPD)4Cl2 spectrum is similar to that of 
[Ni(0PD)4]Cl2.20PD. There are additional bands in the latter case which might be ascribed 
to the presence of the lattice OPD molecules.
Fourthly, the X-ray powder photographs of the Ni(OPD)4Cl2 and Ni(OPD)6Cl2 
had been found to be completely different,83 unlike the [M (N03)2(py)3].3py and 
[M(N03)2(py)3l which were identical.88 Again, the presence of the extensively hydrogen 
bonded network in the former pair would account for their dissimilarity, and its absence in 
the latter pair would explain the fact that their photographs are identical.
Finally, in their attempt to verify the hexakis structure several other 
hexakis(phenylamine)nickel(II) complexes were prepared.83 Those obtained pure were 
compounds with m-toluidine and 3,4-xylidine. Some impure samples were also obtained 
which appeared to be [Ni(o-toluidine)6](BF4)2 and [Ni(o-chloroaniline)6](BF4)2. It had 
been noticed83 that all these compounds were pink, like the Ni(OPD)6Cl2 complex. The 
tetrakis-OPD products were all purple-violet. Elder86 noted that the actual crystals of
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[Ni(0PD)4]Cl2-20PD were violet, like the simple tetrakis compounds, under both 
fluorescent light and sunlight
Furthermore, the isomoiphous complex Fe(OPD)6Cl287 also probably consists of 
[Fe(OPD)4]Cl2 units with two OPD lattice molecules. Unfortunately, they had based a 
criterion (see above) for establishing the presence of solely monodentate OPD in complexes 
on the assumption that Ni(OPD)6Cl2 contained only unidentate OPD. This now has to be 
utilized with some caution. In trying to establish the nature of the OPD ligands in tetrakis 
compounds (Section 3.3.2.3), it is probably more advisable to use the presence or absence 
of metal-halide stretching frequencies at below 600 cm"* in conjuction with the NH and CN 
criteria described above.
There have been only three other papers on the investigation of OPD complexes.89- 
91 Chang synthesized two chromium(III) complexes of OPD.91 These are the first examples 
of o-phenylenediamine complexing with a trivalent transition metal. The infrared results 
were contradictory since in the case of [CrCl2(OPD)2]Cl there was no absorption in the 
1280 cm-1 CN stretching region for non-bonded OPD, but strong NH absorbances were 
observed at 3584 and 3435 cm"l.
In conclusion, the diagnostic infrared absorptions for +2 transition metal-<?- 
phenylenediamine complexes can be summarized as follows:
Diagnostic absorption Uncoordinated NH2 Coordinated NH2 Reference
v(NH2) Above 3350 cm-1
v(CN) 1280cm" 1
Below 3330 cm-1 
1260-1230 cm-1
82
83
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Table 3.1: Summary of the Transition Metal-OPD Complexes and their Infrared Data
Compound and 
colour
v (NH2) region 
3400-3000 c m '1
v(CN) 
1280 cm’1 
Uncoordinated
n h 2
region
1260-1220 cm’ 1 
Coordinated
n h 2
Ref.
Cd(OPD)2Cl2 3278,3228 82
Cd(OPD)Cl2 3343,3268,3206 - - 82
Co(OPD)Br2 3335m, 3280s, 3210s, 3180s, 
3120w
- - 89
Co(OPD)C12 3300s, 3285s, 3225sh, 3215s, 
3180s, 3120m, 3070sh
- - 89
Co(OPD)2S04 3351s, 3300s, 3280s, 3250s, 
3205s, 3175s, 3135s
- - 89
Co(OPD)3(C104)2 3405m, 3315s, 3265s, 3180m, 
3130w
- - 89
Co(OPD)3(N03)2 3355sh, 3310sh, 3285s, 3240s, 
3220sh, 3175m, 3160sh, 
3130m, 3080m, 3070w, 3020w
89
[CrCl^OPD^Cl 3584vs, 3435vs - 1243s 91
[CrCl2(OPD)4]Cl 3363s 1276s 1243s 91
Cu(OPD)Br2 3320w, 3280s, 3260s, 3200s, 
3160s, 3115w, 3080w, 3050m
- - 89
Cu(OPD)Cl2 3290sh, 3255s, 3246s, 3200s, 
3160s, 3120sh, 3080m, 3045m
- - 89
Cu(OPD)2Cl2 3400, 3307,3200, 3134, 3070, 
3041
- - 82
Cu(0PD)2(C104)2 3300s, 3280s, 3260s, 3215sh, 
3195sh, 3175sh, 3141w, 3120w
- - 89
Cu(0PD)2(N03)2 3285s, 3220sh, 3190s, 3180sh, 
3130m, 3100s, 3050sh, 3030sh
89
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Compound and 
colour
v (NH2) region 
3400-3000 cm "1
v(CN) 
1280 c m '1 
Uncoordinated
n h 2
region
1260-1220 cm "1 
Coordinated
n h 2
Ref.
Cu(0PD)2S04 3320s, 3290s, 3275s, 3240s, 
3200s, 3170s, 3125s
- - 89
Fe(OPD)2Br2 3305s, 3238s _ 1248s 87
Fe(OPD)2Cl2 3265s - 1255s 87
Fe(OPD)2I2 3300s - 1243s 87
Fe(OPD)3Br2 3305s, 3235s - 1245s 87
Fe(OPD)3Cl2 3382s, 3265s 1283s 1258w, 1242m 87
Fe(OPD)3I2 3330w, 3240s - 1253s, 1246sh 87
Fe(OPD)4Br2 3378s, 3285w 1276s 1236m 87
Fe(OPD)4Cl2 3380s, 3285w 1274s 1233m 87
Fe(OPD)4I2 3380m, 3290m, 3225s 1270m 1249s, 1234sh 87
Fe(OPD)6Cl2 3385vw, 3362s, 3290m, 3260m 1270s 1252w, 1243w, 
1229m
87
Ni(OPD)Br2 3318m, 3295s, 3280s, 3210s, 
3150s, 3100w, 3080sh
- - 89
Ni(OPD)Cl2 3315w, 3300s, 3250m, 3210s, 
3150s, 3100w, 3075sh
- - 89
Ni(OPD)2Br2 3325, 3250, 3215, 3180, 3130 - 1250 83
Blue - - - 90
3350w, 3320s, 3270sh, 3210s 
3140s, 3120s, 3080w, 3050w, 
3020w
89
Ni(OPD)2Cl2 3416,3206,3142 - - 82
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Compound and 
colour
v (NH2) region 
3400-3000 cm "1
v(CN) 
1280 cm’ l  
Uncoordinated 
NH2
region
1260-1220 c m '1 
Coordinated
n h 2
Ref.
Blue 3293, 3199, 3152,3109 - 1250 83
3290s, 3195s, 3150s, 3110s, 
3020m
- 1245m, 1212m 90
3400w, 3300s, 3260s, 3160s, 
3210s, 3080w, 3030w, 3020w
- - 89
Ni(0PD)2(C104)2 3340sh, 3320s, 3280s, 3270sh, 
3290w, 3270sh, 3125w, 3050w
- - 89
Ni(OPD)2I2
Grey
3309, 3245, 3218,3193, 3155, 
3101
- 1248 83
- - - 90
Ni(OPD)2(NCS)2 - - - 90
Ni(0PD)2(N03)2 - - - 90
3320s, 3260s, 3230s, 3195m, 
3160m, 3135sh, 3070w, 3040w
- - 89
Ni(0PD)2S04 3416,3303,3232 - - 82
3310s, 3295s, 3280s, 3240, 
3200s, 3170s, 3120s
• - 89
[Ni(OPD)3](BF4)2
Blue
3333,3281 - 1255 83
[Ni(OPD)3]Br2 3333, 3260, 3200, 3133,3080 - 1258 83
Blue - - - 90
3345s, 3258s, 3200s, 3160s, 
3130s, 3080s, 3040w
- - 89
Ni(OPD)3Cl2 3410s, 3320sh, 3300m, 3260sh, 
3240s, 3210s,3160s, 3167s, 
3080sh, 3055sh
89
Ni(0PD)3(C104)2 - - - 90
3400w, 3305s, 3265s, 3180w, 
3130w
89
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Compound and 
colour
v (NH2) region 
3400-3000 cm "1
v(CN) 
1280 cm’1 
Uncoordinated
n h 2
region
1260-1220 c m '1 
Coordinated
n h 2
Ref.
[Ni(OPD)3]I3 3350, 3263,3200, 3142, 3082 - 1254 83
Blue - - - 90
[NKOPD^ICNO^ 3292, 3239, 3175,3143 . . . 1252 83
Violet-blue 3360m, 3285s, 3255s, 3230sh, 
3180m, 3170sh, 3130m, 3100s, 
3070w, 3020w
89
Ni(OPD)4Cl2
Violet
3404, 3228, 3144, 3093 1282 1240 83
Ni(OPD)4Br2
Violet
3397, 3208,3145, 3093 1280 1238 83
Ni(OPD)6Cl2 
Pink powder, violet
3383, 3317, 3225,3185,3150, 
3095,3050
1277 1250, 1237 83
crystals 3405, 3310, 3235, 3200, 3150, 
3100,3050
86
Zn(OPD)Cl2 3210..3175 - - 82
no data available m medium
' s strong w weak
sh shoulder v very
74
3.2 Experimental
The hydrated chromium(II) halides and chromium(II) trifluoromethanesulphonate 
tetrahydrate were prepared as outlined in Section 2.4 by the dissolution of chromium metal 
(Aldrich, 99.99+ %) in the appropriate acid. o-Phenylenediamine (Fluka, purum  grade) 
was used as received.
Preparation ofDiisothiocyanatobis(thiourea)chromiwn(II)
This was prepared as before.20
When thiourea (1.65 g, 21.7 mmol) in water (25 cm^) was added to an aqueous 
solution (50 cm^) containing chromium(II) bromide hexahydrate (3.40 g, 10.6 mmol) and 
ammonium thiocyanate (1.62 g, 21.3 mmol), bright green needles separated out of solution. 
The crystals were filtered off, washed with ice-cold water and dried under vacuum for 12 
hours. Once dried, the solid is air-stable for long periods.
Analysis for C4HgCrN6S4: Calculated: C, 15.0; H, 2.50; N, 26.2 %
Found: C, 15.0; H, 2.45; N, 26.5 %
Preparation ofDiisothiocyanatobis(o-phenylenediamine)chromiim(II)
Ammonium thiocyanate (1.12 g, 14.8 mmol) in water (25 cm^) was added to 
CrCl2.4H20 (1.44 g, 7.4 mmol) in water (25 cm^). Aqueous o-phenylenediamine (OPD) 
(1.60 g, 14.8 mmol) in water (50 cm^) was added to the deep marine blue chromium(II) 
solution. A copious purple precipitate formed which was filtered off, washed with water 
and dried under vacuum. Purple needles suitable for crystallographic study separated from 
the filtrate.
Analysis for Ci4Hi6CrN6S2: Calculated: C, 43.7; H, 4.2; N, 21.7 %
Found: C, 44.3; H, 4.2; N, 21.9 %
Preparation o f Dichloro(o-phenylenediamine)chromium(II)
When OPD (5.03 g, 46 mmol) in ethanol (110 cm^) was added to CrCl2.4H20 
(4.53 g, 46 mmol) in the same solvent (20 cm^) and the solution shaken vigorously, a sky- 
blue precipitate formed. The flask was shaken intermittently during one hour, and then the 
product was filtered off, washed with ethanol, and dried.
Analysis for C6HgCl2CrN2: Calculated: C, 31.2; H, 3.5; N, 12.1 %
Found: C, 32.0; H, 4.0; N, 11.8 %
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Preparation ofBis(o-phenylenediamine)chromium(II) Iodide
When OPD (2.07 g, 19.05 mmol) in ethanol (50 cm^) was added to a turquoise 
solution of Crl2-6H20 (1.32 g, 3.19 mmol) in ethanol a deep blue solution was formed 
from which a purple precipitate separated. This was filtered off, washed with cold ethanol, 
and dried.
Analysis for Ci2Hi6Crl2N4.1.5EtOH Calculated: C, 30.5; H, 4.3; N, 9.5 %
Found: C, 29.9; H, 4.3; N, 9.2 %
Preparation ofTetrakis(o-phenylenediamine)chromium(II) Bromide
To OPD (0.99 g, 9.15 mmol) in absolute ethanol (50 cm^) was added CrBi2.6H20 
(1.47 g, 4.59 mmol). The blue solution was stirred at 60°C for 30 minutes and then allowed 
to stand for several days. The dark pink crystals which separated were filtered off, washed 
with ethanol, and dried. This reaction with 2 molar equivalents of OPD gave a 4:1 product, 
but reaction with 4 or 6 molar equivalents gave respectively lilac purple needles and a fine 
lilac powder. Neither product was characterized because each appeared to be a mixture.
Analysis for C2 4 H3 2 Br2 CrNg: Calculated: C, 44.7; H, 5.0; N, 17.4 %
Found: C, 44.7; H, 5.1; N, 17.4 %
Preparation ofTetrakis(o-phenylenediamine)chromiitm(II) Chloride
Chromium(II) chloride tetrahydrate (0.40 g, 2.05 mmol) was added to a solution of 
ammonium hexafluorophosphate (0.67 g, 4.10 mmol) in absolute ethanol (50 cm^). The 
mid blue solution which formed was filtered to remove the whitish precipitate. To the filtrate 
was added a solution of OPD (1.33 g, 0.01 mol) in the same solvent (20 cm^). After 
standing for three days the purple needles formed were filtered off, washed and dried in 
vacuo.
It was expected that this synthesis would yield a Cr-OPD hexafluorophosphate salt, 
but the microanalysis was consistent with the formulation [Cr(OPD)4]Cl2
The analogous reaction with sodium tetraphenylborate also gave the 
tetrakis(diamine) chloride.
Analysis for C2 4H3 2 Cl2 CrNg: Calculated: C, 51.9; H, 5.8; N, 20.2 %
Found: C, 51.5; H, 5.8; N, 20.3 %
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Preparation ofTetrakis(o-phenylenediamine)chromium(II) Trifluoromethanesulphonate
OPD (1.05 g, 9.71 mmol) in absolute ethanol (50 cm^) was added to a pale blue 
solution of Cr(H20)4(CF3S03)2 (0.56 g, 1.56 mmol) in absolute ethanol (50 cm^). The
resulting deep marine blue solution was heated to 70°C, allowed to cool to room
temperature, and then placed in the freezer. Lilac crystals suitable for X-ray study formed. 
These were filtered off, washed with cold absolute ethanol, and dried.
Analysis for C26H32CrF6NgS206: Calculated: C, 39.9; H, 4.1; N, 14.3 %
Found: C, 40.2; H, 4.2; N, 14.1 %
Preparation ofHexakis(o-phenylenediamine)chromium(II) Chloride
To CrCl2.4H20 (0.14 g, 0.72 mmol) dissolved in absolute ethanol (20 cm^), was 
added OPD (0.47 g, 4.3 mmol) in the same solvent (20 cm^). The pale blue suspension 
which formed immediately was placed in the freezer until the reaction mixture became lilac. 
The microcrystalline powder was filtered off rapidly and dried. It was not washed as this 
removes OPD and results in the blue product, [Cr(OPD)Cl2].
Analysis for C36H48Cl2CrNi2: Calculated: C, 55.7; H, 6.2; N, 21.7 %
Found: C, 55.2; H, 6.2; N, 21.5 %
Conductivity Measurements on [Cr(thiourea)2(NCS)2]
The conductivity measurements were carried out on both a disc and needles of the 
complex.
The disc was made by grinding up a sample of [Cr(thiouea)2 (NCS)2] in the inert 
atmosphere box and placing it in a KBr die. It was pressed under 5 tonnes pressure with no 
vacuum for 5 minutes. The final disc was approximately 3 mm thick.
Four needles of the complex were mounted on a microscope slide using double­
sided sticky tape. Silver DAG was then dabbed on both ends of each crystal and allowed to 
dry for a few minutes.
Neither the disc nor the crystals showed any conductivity when two probes were 
applied.
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3.3 Results and Discussion
3.3.1 [Cr(thiourea)2(NCS)2]
The X-ray crystal structure of [Cr(thiourea)2(NCS)2]20 revealed it to consist of 
trans-planar units stacked along the a axis of the unit cell so that the chromium ions lie in 
infinite parallel linear chains. This is the first example of chains of directly interacting 
paramagnetic metal ions. Other examples of this kind of structure, where direct interaction 
between metal ions is possible, are limited to d% metal complexes, e. g. [Ni(DMG)2].92
The [Cr(thiourea)2(NCS)2] is only weakly antiferromagnetic, the magnetic moment 
decreasing as the temperature is lowered as shown in Figure 3.1. It is presumably direct 
Cr....Cr interaction via g overlap of the half-filled dz2 orbitals which leads to the 
antiferromagnetism. The Cr....Cr separation of 3.97 A is much greater than in the acetate, 
which is almost diamagnetic and formally considered to contain one a , two k , and one 8 
bond.37 This distance is too large to provide a conducting pathway, and as expected, a disc 
and a single crystal of the complex were both found to be insulators (see Experimental, 
Section 3.2).
The distance between the sulphur atoms of molecules in neighbouring chains is 3.36 
A. This is less than the sum (3.70 A) of the van der Waals radii93 of two sulphur atoms, so 
there appears to be weak interaction between the stacked chains via the unsaturated 
isothiocyanato-ligands Cr-N=C-S....S-C=N-Cr. This may provide a super-exchange 
pathway although effects transmitted through six atoms would be expected to be very weak. 
The contribution of this interaction to the lattice energy may however be important, and 
favour the observed stacked structure over alternative thiocyanato-bridged structures. 
Stacking is also favoured by the Cr....Cr interaction, and the growth axis (from oscillation 
photographs) coincides with the stacking direction. The isolation of the stacked complex 
was surprising since many thiocyanato-bridged compounds are known.94
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Figure 3.1: Magnetic Susceptibility Measurements on [Cr(thiourea)2(NCS)2]
Temperature (K) Xa "1 l*eff(BM )
290.5 113.40 4.53
262.5 103.01 4.53
230.0 91.29 4.49
198.5 79.33 4.47
166.5 70.51 4.38
135.5 59.35 4.27
103.5 48.35 4.13
89.5 43.72 4.05
Diamagnetic correction for ligands = 146 x 10‘6 cm3 mol-1
Results: 1*290.5 = 4.53 BM. 1*89.5 = 4.05 BM . 0 = 36°
120 -i----------------------------------- ------------------------ 5.0
100 -
-  4.0
•  Meff (BM)
200
Temperature (K)
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3.3.2 o-Phenylenediamine Complexes of Chromium(II)
A series of chromium(II) complexes containing 1, 2, 4, or 6 molecules of OPD has 
been isolated. With a particular anion, the variation of the metal rligand molar ratio over a 
considerable ratio did not affect the stoichiometry of the complex which separated, except 
that [Cr(OPD)Cl2], [Cr(OPD)4]Cl2 and [Cr(OPD)6]Cl2 were obtained from chromium(II) 
chloride.
3.32.1 Electronic Spectra
The absorption spectra of the Cr(II)-OPD complexes are typical of high-spin, 
distorted six coordinate chromium(II) compounds. The maxima have been recorded in Table 
3.2.
3 .3 2 2  Magnetic Susceptibility Measurements
The results of the magnetic susceptibility measurements over the range 293-87 K are 
shown in Figures 3.2 to 3.8. The salient features are summarized in Table 3.3.
With the exception of [Cr(OPD)2(NCS)2] and [Cr(OPD)Cl2], all the complexes are 
high-spin with effective magnetic moments close to the spin-only value of 4.90 BM and are 
virtually independent of tempertature, thus indicating no magnetic exchange between the 
chromium ions.
Conversely, the magnetic moments of [Cr(OPD)2(NCS)2] and [Cr(OPD)Cl2] are 
low at room temperature and decrease still further on cooling. This indicates 
antiferromagnetic behaviour and therefore polymeric structures. The crystal structure 
determinations (Section 3.3.3.4) show that [Cr(OPD)2(NCS)2] has a thiocyanate-bridged 
structure whereas [Cr(OPD)4](CF3SC>3)2, which is representative of the simple 
paramagnetic complexes, is mononuclear. Crystals of [Cr(OPD)Cl2] have not been 
obtained, but it is presumably a chloride-bridged polymer.
3.32.3 Infrared Spectroscopy
The criteria of NH and CN stretching frequencies outlined in Section 3.1.3 were 
used to determine the denticity of the OPD ligands in the complexes. The absorption 
frequencies and intensities, and the nature of the amine ligands, are summarized in Table 
3.4.
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Table 3.2: Diffuse Reflectance Spectra for OPD Complexes of Chromium(II)
Com plex C olour Reflectance spectra
V m a x /c m -1 
V2  V i
[CrCOPD)Cl2] Pale blue 24000
16000
11000
[Cr(OPD)2l2].1.5EtOH Purple 18 200 13 100 sh
[Cr(OPD)2(NCS)2] Purple 17 400 
14 900 sh
12 050 sh
[Cr(OPD)4]Br2 Lilac 17 700 
16 400 sh
12 500 sh
[Cr(OPD)4]Cl2 Pale blue 17 300 
15 700 sh
13 000 sh
[Cr(OPD)4](CF3S 03)2 Purple 17 850 11 800 sh
[Cr(OPD)6]Cl2 Lilac 17 550 12 500 sh
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Table 3.3: Summary of Magnetic Susceptibility Data for Cr(II)-OPD Complexes
Magnetic properties
Complex T/K peffa 0/°a 106 %Lb
[Cr(OPD)Cl2] 293 3.77 280 134
87 2.57
[Cr(OPD)2I2].1.5EtOH 293 4.83 2 313
87 4.78
[Cr(OPD)2(NCS)2] 293 4.19 130 236
87 3.20
[Cr(OPD)4]Br2 293 4.84 3 418
87 4.77
[Cr(OPD)4]Cl2 293 4.84 4 251
87 4.77
[Cr(0PD)4](CF3S 03)2 293 4.85 5 442
87 4.73
[Cr(OPD)6]Cl2 293 4.81 8 569
87 4.79
a From peff = 2.828 V%CrT where the Curie-Weiss law is taken as Xcr"* cx (T + 0). 
b Diamagnetic correction (cm^ mole"*).
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Table 3.4: Infrared Absorption Maxima (cm_l)
Com pound v(N H 2 )
OPD (solid)a 3385m, 3363m, 3178m,vbr
[Cr(OPD)Cl2]b 3256m, 3219s, 3198s, 3171m, 3100w, 3089w, 
3050w
[Cr(OPD)2l2].1.5EtOHC 3212sh, 3153s, 3100s
[Cr(OPD)2 (NCS)2 ld 3419m, 3341m, 3258m, 3208m,br
[Cr(OPD)4]Br2 3396w, 3291m, 3190s,br, 3100s
[Cr(OPD)4]Cl2 3390vw, 3360s, 3285vw, 3240m,br, 3210s,br, 
3150s,br, 3100m,br, 3060m, 3040w,br
[Cr(OPD)4](CF3S 03)2 3400s, 3373w, 3320m, 3303s, 3275m, 3250m, 
3228s, 3204m, 3176m
[Cr(OPD)6]Cl2 3382m, 3357s, 3151s,br, 3031w,br
[Ni(OPD)6]Cl2g 3399m, 3377s, 3305m,br, 314Is,vbr, 3089m,
3033s,vbr
a OPD also has a very weak band at 1247 cm-1 
b v(Cr-Cl) at 310 cm-1
c v(OH) at 3413 cm_l m, vbr, the band at 1267 cm’l is due to 8(OH) and one at 1288 cm '1 
is too weak to be due to an uncoordinated CN stretching vibration 
d I. r. absorption bands indicative of isothiocyanato ligands at: 2104 vs v(CN), 940 vw 2 x 
8(NCS), 811 w v(CS), 470 m 8(NCS) and 340 cm*1 v(Cr-NCS) 
g [Ni(OPD)6]Cl2 is more correctly formulated [Ni(0 PD)4]Cl2.2 0 PD.86
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Table 3.4 continued
v(C -N H 2) 
uncoordinated NH2 coordinated NH2
v(Cr-halide) Bonding of OPD
1274s - -
1280w 1234m, 1227sh 335m,br, 310s bidentate ?
1267sc 1241m 310w bidentate
1290s 1223vw 340s monodentatee
1278s 1231m 345vw, 310m, 270 m monodentate
1280s 1247m, 1237m - monodentate and bidentate
Obscured by triflate bands - monodentate and bidentatef
1278s 1244w, 1236w - monodentate and bidentate
1275s 1248w, 1235m monodentate and bidentate
c v(OH) at 3413 cm-1 m, vbr, the band at 1267 cm”1 is due to 8(OH) and one at 1288 cm-1 
is too weak to be due to an uncoordinated CN stretching vibration 
e Confirmed by structure determination (Figure 3.11) 
f  Confirmed by structure determination (Figure 3.13)
84
[Cr(0 PD)Cl2]
The magnetic susceptibility measurements (Figure 3.2) revealed a room temperature 
magnetic moment below the spin only value of 4.90 BM which decreased further (3.77 to 
2.57 BM) as the temperature was lowered to 87 K (0 = 280°). This antiferromagnetic 
behaviour implies a polymeric structure. The diffuse reflectance spectrum implies a distorted 
six-coordinate arrangement and since there are peaks in the infrared spectrum at 335 and 310 
cm" 1 characteristic of chromium-chloride stretching frequencies, the structure must involve 
chloride bridges.The chloride-bridged, polymeric structure (HI), with bidentate amine is the 
simplest based on this information.
I l l
The absence of absorptions above 3350 cm"* in the NH stretching region implies the 
presence of bidentate rather than monodentate OPD and the presence of coordinated NH2 is 
further supported by CN absorptions at 1234 and 1227 cm"*. Contrary to this is the 
observation of a medium intensity CN band at ca. 1280 cm"* in the region associated with 
monodentate amine. However, this is less intense relative to the uncoordinated v(CN) at 
1234 and 1227 cm"l, in direct contrast to the other OPD complexes where the absorptions 
near 1230 cm-1 signifying coordinated CN are stronger than those at ca. 1275 cm-1 for the 
signifying uncoordinated amine. As a result, structure III cannot be regarded as established 
as it does not account for the anomalous uncoordinated NH2 band.
Interestingly, Chang92 has found the opposite situation for [Cr(OPD)2Cl2]Cl. An 
NH peak at 3584 cm"* with no corresponding one at ca. 1280 cm 'l was observed, and he 
consequently concluded that the v(CN) absorption was the better diagnostic tool.
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Figure 3.2: Magnetic Susceptibility Measurements on [Cr(OPD)Cl2]
Temperature (K) %A_1 j ie f f  (BM)
293 165.07 3.77
261 156.52 3.65
229 146.84 3.53
197 136.02 3.40
165 126.95 3.22
133 120.93 2.97
101 109.77 2.71
87 105.35 2.57
Diamagnetic correction for ligands = 
Results: M-293 =  3.77 BM
134 x 10_6  cm3 moH 
|I87=2.57B M 0  = 280°
180 -i----------------------- — -------------------------------- - I -  4 .0
—i c
160 -
140 -
120 -
100 - -1
Q
♦ Meff (BM)
Temperature (K)
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[Cr(OPD)2 (NCS)2]
The isolation and crystallographic determination of [Cr(thiourea)2(NCS)2L20 
analogous to [Cr(OPD)2(NCS)2] resulted in the discovery of the novel stacked square 
planar system. There are several possible structures for [Cr(OPD)2(NCS)2]:
(a) The corresponding square planar structure to that of [Cr(thiourea)2(NCS)2l viz two 
monodentate OPD ligands and two thiocyanate groups (both complexes being either cis- or 
trans-)
(b) A polymeric structure based on (a), but with thiocyanate bridges completing a six- 
coordinate octahedral structure
(c) An octahedral arrangement of two bidentate o-phenylenediamines and two thiocyanate 
ligands
(d) A square pyramidal complex comprising one monodentate and one bidentate ligand and 
two thiocyanate anions.
The thiocyanate ligand can be N- or S-bonded. The two main canonical forms for 
the ion are:
Coordination through nitrogen (isothiocyanate) results in a greater contribution of 
form V, thus causing a decrease in the C-N stretch and an increase in v(C-S) relative to IV.
Conversely, coordination through sulphur (thiocyanate) results in form IV  
becoming more dominant. The frequency of the CN stretch increases and that of v(CS) 
decreases.
The thiocyanate ion has four normal modes of vibration and so consequently has 
infrared absorptions at 2050 v(CN), 748 v(CS) and 486, 471 cm-1 2 x 8(NCS). There is 
also a 8(NCS) overtone at ca. 940 cm-1.
The existence of monodentate OPD is clearly indicated by a medium intensity 
absorption at 3419 cm-1, this assignment being further reinforced by the presence of a 
strong band (1290 cm"l) in the region pertaining to v(CN). With this information alone, 
structure (c) can already be excluded as it contains solely bidentate diamine. If the intensity 
of the CN absorption relative to that of the NH stretch is considered,87 then 
[Cr(OPD)2(NCS)2] can be said to contain only monodentate OPD. This would reduce the 
possible structures to (a) and (b). However, this criterion must be viewed with some 
scepticism since it was based on the incorrect assumption that [Ni(OPD)6]Cl2 and 
[Fe(OPD)6]Cl2 contained no bidentate OPD (see above).
The variation of magnetic moment with temperature (Figure 3.3) indicates 
antiferromagnetic behaviour. This could arise in structures (a) or (b), since (a) permits direct
N=C-S-
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Figure 3.3: Magnetic Susceptibility Measurements on [Cr(OPD)2(NCS)2]
Temperature (K) %A_1 Heff (BM)
293 133.42 4.19
261 122.58 4.13
229 111.18 4.06
197 100.26 3.96
165 95.08 3.73
133 80.70 3.63
101 72.05 3.35
87 68.03 3.20
Diamagnetic correction for ligands = 236 x 10*6 cm3 mol-1 
Results: |I293 = 4.19 BM (X87 = 3.20 BM 0 = 236°
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interaction of the chromium ions and (b) would give a thiocyanate-bridged polymeric 
structure. The diffuse reflectance spectrum is typical of a distorted octahedral chromium(II) 
complex, ruling out square planar (a). Hence, by a process of elimination using the above 
criteria, the most probable structure is (b). This was confirmed by a single crystal X-ray 
structure determination which confirmed the polymeric thiocyanate-bridged structure in 
which trans-planar units are arranged in the lattice so that the S-atoms of two adjacent units 
2.972 A distant complete the coordination shell (see Section 3.3.2.4.1 and Figures 3.11 and 
3.12).
[Cr(OPD)2l2 ]-l-5 EtOH
The iodide [Cr(OPD)2l2l • 1.5EtOH is believed to contain only bidentate OPD 
because there are no strong NH bands above 3350 cm 'l, the highest observed v(NH) peak 
being situated at 3212 cm 'l. There is a broad band at 3412 cm 'l, but this is attributed to the 
ethanolic v(OH). The presence of the corresponding 8(OH) at 1267 cm 'l further reinforces 
this assignment. The band observed at 1288 cm 'l cannot be due to the uncoordinated CN 
stretch of monodentate OPD because it is far too weak. It can thus be assumed that the two 
bidentate diamines form a planar arrangement with the chromium ion. The octahedron is 
possibly completed by the coordination of iodide, but the coordination of ethanol is likely, 
since iodide is such a poorly coordinating ligand.
[Cr(OPD)4Br2]
The absorption bands at 3396 and 1278 cm 'l m  characteristic of monodentate 
OPD. There are three ways to account for uncoordinated NH2 groups in tetrakis structures:
(a) Four monodentate o-phenylenediamine molecules and two axially coordinated bromides
(b) Two bidentate and two monodentate OPD, with the bromide ions coordinated as in the 
[Ni(OPD)4 ] C12.20PD example
(c) A tris(diamine) structure containing one lattice OPD molecule, the bromides being ionic.
The infrared spectrum has a band at 270 cm 'l indicating the existence of Cr-Br 
bonds. This excludes (b) and (c). The tentative application of the relative intensity 
cr iter io n ,87 supports the assignment of entirely monodentate amine since the 1278 cm 'l 
absorption is more intense than that at 1231 cm 'l. jf  (a) is correct then the infrared spectra 
of [Cr(OPD)4Br2] and [Ni(0PD)4]Cl2-20PD should be different, as is indeed the case. 
Therefore, the bromide analogue can be assumed to have structure VI shown overleaf.
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Figure 3.4: 'Magnetic Susceptibility Measurements on [Cr(OPD)2l2] • 1.5EtOH
Temperature (K) 3CA_1 (leff (BM)
293 100.28 4.83
261 88.93 4.84
229 77.76 4.85
197 66.56 4.87
165 56.68 4.82
133 45.57 4.83
101 35.13 4.80
87 30.40 4.78
Diamagnetic correction for ligands = 313 x 10"6 cm3 mol*1
Results: p.293 = 4.83 BM JJ-87 = 4.78 BM 6 = 2°
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Figure 3.5: Magnetic Susceptibility Measurements on [Cr(OPD)4]Br2
Temperature (K) XA"1 |ieff (BM)
293 100.41 4.84
261 89.89 4.83
229 79.36 4.82
197 68.07 4.82
165 57.24 4.81
133 46.83 4.80
101 35.11 4.79
87 31.43 4.77
Diamagnetic correction for ligands = 418 x 10'6 cm3 mol-1 
Results: p_293 = 4.84 BM jli87 = 4.77 BM 0 = 3°
5.0
120
4.0100
3.0
<
2.0
40
0.0
200100 3000
*A
Meff (BM)
Temperature (K)
91
VI
[Cr(OPD)4]Cl2
Absorptions characteristic of monodentate OPD at 3390 and 3360 [v (NH2)], and at 
1280 cm 'l, with a much weaker intensity CN stretches at 1235 and 1247 cm 'l [v (CN)] 
suggest a complex containing monodentate ligand only similar to [Cr(OPD)4Br2]. 
However, the absence of any chromium-chloride stretches at 320-310 cm 'l implies a 
structure containing both mono- and bi-dentate ligands. Based on this conjecture, the 
infrared spectrum of [Cr(OPD)4]Cl2 should be similar to that of [Ni(0PD)4]Cl2-20PD, but 
different from that of [Cr(OPD)4Br2]. The similarity of the infrared spectra of 
[Cr(OPD)4]Cl2 and [Ni(0PD)4]Cl2.20PD denotes a central metal ion with the same 
arrangement of surrounding ligands viz two monodentate and two bidentate OPD. The 
structure is probably that shown below (VII).
2+
H2 h*n  h2
H2 H2N H2
2 Cl-
VII
Figure 3.6: Magnetic Susceptibility Measurements on [Cr(OPD)4]Cl2
Temperature (K) 3CA"1 jieff (BM)
293 136.98 4.14
261 122.11 4.13
229 111.04 4.06
197 93.26 4.13
165 78.66 4.12
133 64.82 4.09
101 50.08 4.02
87 44.23 3.99
Diamagnetic correction for ligands = 251 x 10"6 cm3 mol-1 
Results: |1293 = 4.84 BM |LL87  = 4.77 BM 0 = 4°
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The synthetic route (Section 3.2) leading to the isolation of the tetrakis(amine) 
chloride was surprising since it could not be prepared by direct reaction of OPD and 
chromium(II) chloride in the ratio 4:1. It can only be assumed that precipitation of the 
chloride as either ammonium chloride or sodium chloride was incomplete, thus leaving 
sufficient in solution to complex with the OPD. The infrared spectra from both products are 
identical with no evidence for the presence of either PFg" or BPI14'.
[Cr(0 PD)4](CF3 S0 3 )2
Trifluoromethanesulphonate (triflate) is probably a non-coordinating anion, 
consequently the inner coordination sphere should comprise only OPD ligands. 
Interpretation of the infrared spectrum in the CN stretching region is impeded since the 
peaks at 1280, 1245 and 1225 cm 'l are more likely to be due to the intense SO3 stretches 
than bonded and non-bonded OPD. However, the NH region has absorptions characteristic 
of monodentate diamine at 3400 and 3373 cm" 1.
As in the previous two examples there are two possible structures which could 
account for the presence of monodentate OPD. Comparison of the infrared and reflectance 
spectra o f [Cr(OPD)4] (C F 3 S 0 3 )2 , [Cr(O PD )4] C l2 , [C r(O P D )4 B r2 ], 
[Cr(OPD)2l2l • 1.5EtOH and [Ni(0PD)4]Cl2.20PD indicate the triflate to be very similar to 
the two chlorides but unlike either the bromide or iodide. As a result, the structure was 
assumed to consist of two monodentate and two bidentate OPD ligands. An X-ray crystal 
structure determination confirmed this supposition (Section 3.3.3.4).
[Cr(OPD)6]Cl2
The synthesis and characterization of this compound provided results corresponding 
to those obtained for [Ni(OPD)6]Cl2-83 The presence of monodentate amine was confirmed 
by absorptions at 3382, 3357 and 1278 cm 'l. The absence of a Cr-Cl stretching frequency 
at ca. 300 cm"* indicated ionic chloride. Since the CN band at 1278 cm 'l indicating 
uncoordinated NH2 groups is more intense than those at 1244 and 1236 cm 'l, this might 
suggest purely monodentate amine. The isolation of a chromium(II) complex surrounded by 
six OPD would be surprising since [Cr(NH3 )6 ]2+ readily loses one ammonia molecule as 
does [Cr(en)3]2+ one ethylenediamine (en) molecule.2 However, the infrared and diffuse 
reflectance spectra resemble those of [Cr(OPD)4](CF3S03)2 and [Ni(OPD)6]Cl2. As these 
are both now known to contain the metal cation surrounded by two trans axial mono- and 
two trans equatorial bi-dentate OPD ligands, it can be assumed that the [Cr(OPD)6]Cl2 
comprises the same central cationic structure.
Thermal measurements were kindly carried out by Mr I. Hamerton at the R.A.E 
(Famborough). Dynamic differential scanning calorimetry was performed on a sample of
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Figure 3.7: Magnetic susceptibility measurements on [Cr(0PD)4](CF3S03)2
Temperature (K) > I M-eff (BM)
293 99.80 4.85
261 88.91 4.85
229 78.06 4.84
197 67.39 4.84
165 57.01 4.81
133 46.45 4.78
101 35.70 4.78
87 31.03 4.73
Diamagnetic correction for ligands = 442 x 10"6 cm3 mol-1 
Results: p293 = 4.85 BM p,87 = 4.73 BM 0 = 5°
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Figure 3.8: Magnetic Susceptibility Measurements on [Cr(OPD)6]Cl2
Temperature (K) XA"1 M-eff (BM)
293 101.23 4.81
261 90.71 4.81
229 79.84 4.81
197 68.12 4.80
165 57.66 4.80
133 46.38 4.79
101 35.77 4.79
87 30.39 4.79
Diamagnetic correction for ligands = 569 x 10"6 cm3 mol-1 
Results: ^293 = 4.81 BM |I87  = 4.79 BM 0 = 8°
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[Cr(OPD)6]Cl2 (1 mg) in an open pan under nitrogen (40 cm3 m in 'l) at a heating rate of 
20°C m in'l with a Du Pont 910 calorimeter interfaced to a Du Pont 9900 computer/thermal 
analyzer. Thermogravimetric analysis was carried out at 10°C min"l in nitrogen (40 cm3 
min_l) using a Du Pont 951 instrument interfaced to a Du Pont 1090 thermal analyzer.
Thermal analysis of [Cr(OPD)6]Cl2 (Figure 3.9) showed a rapid weight loss 
corresponding to approximately 3.7 molecules of OPD between 110° and 178°C (maximum 
rate of weight loss at 164°C) which may correspond to the loss of the two lattice and two 
axial ligand molecules. This was followed immediately by rapid loss between 178° and 
222°C corresponding to approximately 0.6 molecules of OPD (maximum rate at 204°C). 
Finally, there was slow weight loss corresponding to a further molecule of OPD up to 
430°C. Differential thermal analysis (Figure 3.10) gave endotherms with peaks at 130°, 145° 
and 148°C.
These results are analogous to those previously obtained83’86 for the 
[Ni(OPD)4]Cl2.20PD. The lattice OPD is held in an extensive hydrogen-bonded network 
involving [Cr(OPD)4]2+ and chloride ions so that the loss of OPD takes place at a higher 
temperature (130°C) than the melting endotherm for free ligand (108°C). Hence, 
[Cr(OPD)6]Cl2 is better formulated as [Cr(0PD)4]Cl2.20PD, with the same cationic 
structure as in [Cr(0PD)4](CF3S03)2-
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3 3 2 .4  X-Ray Crystallographic Determinations
The single crystal X-ray structures were determined by Mr G. W. Smith all 
computations being carried out using the SDP-Plus Version 1.1a suite of programs95 on a 
DEC PDP 11/73 computer.
33.2.4.1 [Cr(OPD)2 (NCS)2 ]
A crystal of [Cr(OPD)2(NCS)2] of approximate dimensions 0.1 x 0.1 x 0.5 mm 
was sealed in a Lindemann capillary under nitrogen. The unit cell dimensions were 
determined by least-squares refinement of a set of 25 reflections [1° < (sin 0)A ^  26°].
Crystal data. Ci4Hi6CrN6S2, M  = 384.45, monoclinic, space group P2\lc, a = 
11.027(3), b = 5.828(2), c = 13.431(2) A, jS = 103.93(2)°, Z = 2, V = 837.7 A3, D c = 
1.524 g cm '3, F(0 0 0 ) = 396, graphite-monochromated Mo-Ka radiation (X = 0.71067 A), 
H(Mo-Ka) = 9.12 c n r1.
The intensity data were collected on an Enraf-Nonius CAD4 four-circle 
diffractometer in an 0 -29  scan mode in the range l°-26° covering index range 0 < h < 13,0 
< k < 7 , -16<1<16. 1919 Reflections were collected of which 1737 were considered to be 
unique and 1551 were considered to be observed i.e., I > 3.0a(I). The data were corrected 
for Lorentz and polarization effects and absorption.
Isotropic refinement of non-hydrogen atoms converged at R = 0.145. Application of 
empirical absorption corrections by DIFABS96 reduced/? to 0.091. Anisotropic refinement, 
initially for chromium and sulphur, and then for all non-hydrogen atoms converged at R = 
0.044. Inclusion of the hydrogen atoms, which were refined isotropically, caused R to 
converge at 0.040. Rw = 0.058, S = 1.209 using the weighting scheme:97 
w '1 = [o(F)]2 + [0.4 F]2 + 4.0 
The atom numbering scheme is shown in Figure 3.11, and the packing of the 
[Cr(OPD)2(NCS)2] molecules in the unit cell in Figure 3.12. Bond lengths and angles are 
shown in Table 3.5.
100
Figure 3.11: Atom Numbering Scheme for [Cr(OPD)2(NCS)2]
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Table 3.5: Bond Lengths (A) and Bond Angles (°) in Cr(OPD)2(NCS)2 with e.s.d.s in
Parentheses
Cr-N
Cr-N(l)
N-Cr-N
N-Cr-N(l)
S-C
N-C
S-C-N
N(1)-C(1)
C(2)-N(2)
C(l)-C(2)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
C(6)-C(l)
2.036(2)
2.160(2)
1.638(2)
1.158(3)
1.148(3)
1.389(3)
1.386(3)
1.387(4)
1.381(4)
1.381(4)
1.399(4)
1.392(3)
180.00(0)
86.60(7)
179.2(2)
103
3 3 2 .4 2  [Cr(OPD)4](CF3 SO3)2
A crystal of [Cr(OPD)4](CF3SC>3)2 of approximate dimensions 0.4 x 0.04 x 0.4 
mm was sealed in a Lindemann capillary under nitrogen. The unit cell dimensions were 
determined by a least-squares refinement of a set of 25 reflections [11° < (sin Q)/X < 15°].
Crystal data. C26H32CrF6N8S2C>6, M  = 782.71, orthorhombic, space group Pbca, 
a = 8.978(8), b = 22.455(7), e = 16.842(2) A, Z = 4, U = 3395.4 A3, Dc = 1.531 g cm-3, 
F(0 0 0 ) = 1608, graphite-monochromated Mo-K« radiation (X = 0.71073 A), |i(Mo - Ka) = 
5.276 cm-1.
The intensity data were collected on an Enraf-Nonius CAD4 four-circle 
diffractometer in an 0 -20  scan mode in the range 1° < 0 < 25° covering an index range 0 < 
h < 10, 0 < k < 26, 0 < 1 <: 20. 3390 Unique reflections were collected of which 1863 were 
considered to be observed i.e., I > 3.0a(I).
Isotropic refinement of non-hydrogen atoms converged at R -  0.107. Four cycles of 
least-squares refinement with the ring hydrogens included, but not refined, lowered R to 
0.105. Anisotropic refinement initially for chromium and sulphur, and then for all atoms 
(with the ring hydrogens fixed) converged at R = 0.071. A difference Fourier map gave the 
positions of the eight hydrogens associated with the nitrogen atoms. They were added to the 
atoms list. Inclusion of these hydrogens, which were refined isotropically, caused R to 
converge at 0.061, Rw = 0.091 and S = 1.268 using the same weighting scheme as for 
[Cr(OPD)2(NCS)2].97 The atom numbering scheme is shown in Figure 3.13.
A 4 A bond search revealed the following hydrogen bonds between all the oxygen 
atoms and the hydrogen atoms associated with the amine nitrogen atoms: 0(1)...N(22), 
3.068 A; 0(2)...N(21), 3.176 A; 0(2)...N(22), 3.063 A; 0(2)...N(12), 2.986 A; 
0(3)...N(21), 3.076 A; 0(3)...N(11), 2.933 A.
Bond lengths and angles are shown in Table 3.6.
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Table 3.6: Bond Distances (A) and Bond Angles (°) for [Cr(OPD)4](CF3SC>3)2 With
e.s.d.s in Parentheses
Cr-N(ll)
Cr-N(12)
Cr-N(22)
N(ll)-Cr-N(12)
N(ll)-Cr-N(22)
N(12)-Cr-N(22)
N (ll)-C (ll)
N(12)-C(12)
N(21)-C(21)
N(22)-C(22)
C(ll)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(ll)
C(21)-C(22)
C(22)-C(23)
C(23)-C(24)
C(24)-C(25)
C(25)-C(26)
C(26)-C(21)
S-O(l)
S-0(2)
S-0(3)
s-c
F(l)-C
F(2)-C
F(3)-C
0(l)-S-0(2)
0(1)-S-C
S-C-F(l)
F(l)-C-F(2)
2.109(5)
2.128(5)
2.669(5)
80.2(2)
86.4(2)
87.1(2)
1.445(7)
1.461(7)
1.408(8)
1.440(8)
1.376(8)
1.384(8)
1.371(9)
1.364(12)
1.382(10)
1.388(9)
1.389(8)
1.388(9)
1.384(11)
1.368(11)
1.379(10)
1.384(9)
1.429(5)
1.439(5)
1.435(5)
1.805(8)
1.288(9)
1.323(9)
1.322(9)
115.6(3)
104.9(3)
112.9(5)
108.6(6)
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The t^2ge*g configuration of high-spin chromium(II) is expected to lead to Jahn- 
Teller distortion of a CrN^ chromophore. Although there is no detailed structural 
information, this effect is apparent in the solid state electronic spectra of, for example, 
[C r(en )3 ]C l2  and [Cr(dien)2]Cl2, where en is ethylenediamine and dien is 
diethylenetriamine.2 No tris(bidentate-OPD) chromium(II) complexes have been isolated for 
direct comparison, but in [Cr(OPD)4 ]2+ there are two trans-monodentate OPD ligands, Cr- 
N distance = 2.669 A, and two bidentate OPD ligands, mean Cr-N distance = 2.118 A 
(Figure 3.11 and Table 3.5). This is the first crystallographic demonstration of distortion in 
a chromium(II) complex with a CrN6 coordination sphere. The analogous cation in 
[Ni(0PD)4]Cl2.20PD has four equatorial nickel-nitrogen (Ni-Neq) distances of 2.101 A 
and the two axial distances (Ni-Nax) are 2.267 A (Ni-Nax/Ni-Neq = 1.08). The longer axial 
bonds are ascribed to steric crowding about the metal atom since with less bulky ligands 
such as ammonia, nickel(II) (t^2ge^g configuration) forms NiN6 complexes with Ni-N 
bonds essentially equal in length. The distortion of the coordination sphere in the 
chromium(II) complex is much greater (Cr-Nax/Cr-Neq = 1.26) presumably due to 
combined steric and Jahn-Teller effects.
The rratts-planar units of [Cr(OPD)2(NCS)2] are arranged in the lattice so that the S- 
atoms of the two adjacent 2.972 A distant complete the coordination shell and produce a 
thiocyanato-bridged infinite chain polymer. This structure contrasts with that of 
[Cr(thiourea)2(NCS)2] which stacks so that the chromium atoms of adjacent units interact 
weakly.20 The Cr-N(amine) distance is similar to the short Cr-N distances in [Cr(OPD)4]2+ 
and the Cr-NCS distance is close to that in [Cr(thiourea)2(NCS)2] (2.026 A). As might be 
expected, the C-N bond distances of the coordinated amino groups are longer than those of 
the uncoordinated groups (ca. 1.45 and 1.41 A respectively), and the other internal 
dimensions of the OPD ligands are similar in the thiocyanato-complex and the triflate.
Conclusion
A series of chromium(II) complexes with 1 ,2 ,4  and 6 o-phenylenediamine ligands 
has been synthesized. The denticity of the amine was investigated using infrared and diffuse 
reflectance spectroscopy and magnetic susceptibility measurements, the results of which 
have been confirmed by X-ray crystallographic determinations in the cases of 
[Cr(OPD)2(NCS)2] and [Cr(0PD)4](CF3S03)2. This study once more confirms that OPD 
can act as both a mondentate and bidentate ligand, even within the same complex.
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Chapter Four
4.1 Introduction
Following the synthesis of the stacked square planar complex 
[Cr(thiourea)2(NCS)2], it was decided to undertake the preparation of a few other simple 
compounds which might also contain planar units. For this reason, the ligands shown 
below were used since they would provide some semblance of rigidity. The 
counterbalancing anions used were trifluoromethanesulphonate, which is likely to be non­
coordinating, thus eliminating the possibility of bridging; thiocyanate, since this was 
present in [Cr(thiourea)2(NCS)2]; and chloride because it was readily available in the form 
of OCI2 .4H2O. However, in the case of the chloro and thiocyanato compounds there was 
the distinct possibility that their structures would involve bridges. Two complexes 
involving tetrakis(acetato)dichromium species were also prepared, not to provide planar 
systems, but just for chemical interest, to provide a more thorough piece of research work.
The compounds prepared are discussed in three sections according to the nature of 
the ligand. Firstly, the complexes of 1,8-diaminonaphthalene which, with two aliphatic 
diamino groups, has several of the characteristics of o-phenylenediamine discussed in the 
previous Chapter, but does not show the same variation in denticity exhibited by OPD.
Secondly, complexes from the reactions of aromatic nitrogen ligands, viz a 
tetramethylated phenanthroline and 2,2'-bipyridyl are investigated, and the products 
compared to the wealth of other chromium(II) compounds containing similar ligands.
NH2 nh2
1,8-Diaminonaphthalene 
dan
Me Me
3,4,7,8-Tetramethyl-1,10-phenanthroline 
Me4phen
2,2'-Bipyridyl
bipy
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Finally, complexes based on pyidine-type ligands are considered. It can be argued 
that bipyridyl should also be present in this category, but since the literature usually refers 
to bipy and phen complexes together it was decided to maintain this convention here also. 
The ligands used for this final group of compounds were 2-aminomethylpyridine (also 
known as 2-picolylamine) and 4-pyrrolidinopyridine.
2-Aminomethylpyridine
2-Picolylamine
pic
4-Pyrrolidinopyridine
4-ppy
4.2 Chrom ium (II) Com plexes of 1,8- 
Diaminonaphthalene
4.2.1 Introduction
There have been no reports of any chromium(II) complexes of 1,8- 
diaminonaphthalene, dan. Until the o-phenylenedi amine complexes in Chapter 3 were 
synthesized, the only other known complexes of bidentate diamines were of saturated 
amines of the ethylenediamine type.2
A few Ni(II) compounds containing two and three molecules of dan have been 
p repared90 and characterized by infrared and visible spectroscopy as well as 
magnetochemical behaviour. In all cases the dan was bidentate.
4.2.2 Experimental
Preparation ofBis(l,8 -diaminonaphthalene)chromium(II) Chloride
Hydrated chromium(II) chloride (0.38 g, 1.95 mmol) was added to an ethanolic 
solution (30 cm3) of dan (0.62 g, 3.9 mmol). An apple green precipitate immediately 
settled from the solution of the same colour. After standing the reaction mixture in the 
freezer overnight, the product was filtered off, washed with ethanol and dried in vacuo.
The product is air-sensitive, turning dark maroon within a few minutes of exposure 
to the air. Solutions are even more sensitive to aerial oxidation.
Analysis for C2oH2oCl2CrN4 : Calculated: C, 54.7; H, 4.6; N, 12.7 %
Found: C, 54.3; H, 4.9; N, 12.5 %
Preparation ofBis(1 t8 -dianunonaphxhalene)chromium(II) Trifluoromethanesulphonate
Chromium(II) triflate, Cr(H20)4(CF3SC>3)2, (1.67 g, 4.0 mmol) was added to a 
solution of dan (1.25 g, 7.9 mmol) in absolute ethanol (25 cm3). The dark violet solution 
was placed in the freezer overnight and the pale lilac powder which separated was filtered 
off, washed with ethanol and dried under vacuum.
Exposure of the sample to air resulted in an instantaneous colour change from lilac 
to deep pink.
Analysis for C22H22CrF6N4C>6S2 : Calculated: C, 39.6; H, 3.0; N, 8.4 %
Found: C, 40.0; H, 3.5; N, 8.4 %
111
The bis complex was also obtained when three molar equivalents of dan were 
reacted with [Cr(H2 0 )4](CF3S0 3 )2 .
Attempted Preparation ofBis(l,8 -diaminonaphthalene)chromium(II) Acetate
Anhydrous chromium(II) acetate (0.46 g, 2.7 mmol) was added to dan (0.85 g,
5.4 mmol) in absolute ethanol (50 cm3). The red-brown slurry was stirred for three days, 
after which time the product was filtered off and dried under vacuum.
Microanalysis of the pale pink product gave a result that was inconsistent with the 
desired Cr2 ( d a n ) 2 ( C H 3 C O O ) 4 , but consistent with the form ulation 
Cr2(CH3COO)4 .0.5EtOH.
Analysis for C28H32Cr2N4 0 s: Calculated: C, 59.2; H, 5.4; N, 11.5 %
Analysis for CsH^C^Og.O.SEtOH: Calculated: C, 29.8; H, 4.2 %
Found: C, 29.4; H, 3.8 %
4.2.3 Results and Discussion
The infrared spectra (Table 4.1) of [Cr(dan)2](CF3SC>3)2  and [Cr(dan)2Cl2] are 
identical in the regions associated with the amine ligand. Coordination of the diamine to 
chromium(II) results in a lowering of the NH and CN stretching frequencies, as in the case 
of o-phenylenedi amine. However, complexes of dan do not exhibit the same variation in 
denticity or the number of molecules of coordinated ligand, as the Cr(II)-OPD compounds. 
As the infrared spectra show no bands corresponding to the free dan, it can be concluded 
that the complexes comprise solely bidentate diamine. It cannot be determined whether the 
chloride is coordinated to the chromium ion, since the absorptions in the 320 cm-1 region 
are also present in the spectrum of the triflate analogue, so these may be due to the ligand. 
It would be interesting to prepare bromide and iodide analogues to compare the metal- 
halide stretching frequencies, as well as the reflectance spectra (see below) to give a better 
idea of the coordination sphere around the chromium atom.
The diffuse reflectance spectrum (Table 4.2) of [Cr(dan)2Cl2] contains a shoulder 
at 17 240 cm_l, and a band at 14 285 cm-l of much greater intensity. The magnetic 
moment (Figure 4.1) is normal for high-spin chromium(II) and does not show any 
significant antiferromagnetic interaction.
The diffuse reflectance spectrum (Table 4.2) of [Cr(dan)2](CF3SC>3)2 is normal for 
high-spin, distorted six-coordinate chromium(II) complexes, since it contains bands at 17 
240 sh, 18 690 and 20 410 sh cm_l. The magnetic moment (Figure 4.2) of 
[Cr(dan)2](CF3SC>3)2 at room temperature (4.63 BM) is lower than the spin-only value of
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4.90 BM for high-spin (ft systems. The former value increases slightly to 4.73 BM as the 
temperature is lowered to 87 K.
Table 4.1: Infrared Data
dan [Cr(dan)2Cl2] [Cr(dan)2](CF3S03)2
3410 s 3290 s
3380 s 3200 m,vbr 3250 m
3330 s 3190 m
3300 s 3160 m
3120 s,br 3150 m,sh
1630 m 1627 s
1610 m 1600 w 1600 w
1578 m 1580 s 1580 s
1400 m 
1355 m
1400 m 1400 m
1300 s 1280 s 1280 s 
1265 s 
1245 s
1230 w, br 1225 s 
1182 s
1170 w 1175 m,sh
1150 m 1135 m 1130 m
1070 m 1105 m 1100 w
1020 m 1025 s
1007 s 1005 s
995 m 970 w
970 w 910 m 
890 w 
825 s
810 s 815 s 790 w
770 m 765 s 765 s
750 s 720 w 720 w
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dan [Cr(dan)2Cl2] [Cr(dan)2](CF3S0 3)2
665 w 680m
635 m 625 w 635 s
620 m,sh
580 s
520 w 540 w,vbr 520 s
480 m 450 w,br 420 w,br
465 m 400 w
355 m
310 w 310 m
260 w 275 m
250 w,br
Table 4.2: Magnetic Susceptibility and Diffuse Reflectance Data
Complex Colour
293 K
Peff (BM) 
90 K e<°)
Reflectance Spectra 
(cm-1)
Cr(dan)2Cl2 Apple green 4.61 4.51 6 17 240sh, 14 285
Cr(dan)2(CF3S 0 3)2 Pale lilac 4.63 4.73 -6 20 410sh, 18 690,
17 240sh
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Figure 4.1: Magnetic Susceptibility Measurements on [Cr(dan)2Cl2]
Temperature (K) Xa"1 Meff (BM)
293 110.05 4.61
261 97.49 4.64
229 86.34 4.61
197 74.22 4.61
165 62.14 4.61
133 51.09 4.57
101 39.58 4.55
87 34.13 4.51
Diamagnetic correction for ligands = 270 x 10-6 cm3 mol-1 
Results: [1293 = 4.61 BM p.87 = 4.51 BM 0 = 6°
5.0120
1 0 0 - - 4 . 0
80-
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60-
- 2.0
40-
- 1.02 0 -
0.0
200100 3000
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Figure 4.2: Magnetic Susceptibility Measurements on [Cr(dan)2](CF3S03)2
Temperature (K) Xa"1 Meff (BM)
293 109.19 4.63
261 95.78 4.67
229 83.59 4.68
197 70.74 4.72
165 58.92 4.73
133 47.51 4.73
101 37.42 4.65
87 31.13 4.73
Diamagnetic correction for ligands = 367 x 10-6 cm3 mol-1 
Results: {1293 = 4.63 BM |ig7 = 4.73 BM 0 = -6°
120 5 .0
100
“ 4.0
-3 .0
- 2.0
- 1 . 0
0.0
200 3000 100
<L>
=1
0  *A
♦ Meff (BM)
Temperature (K)
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4.3 Chromium(II) Complexes of Phenanthroline 
and Bipyridyl
4.3.1 Introduction
43.1.1 Syntheses
The synthetic routes for the preparation of Cr(II) complexes of phen and bipy are 
straightforward, involving the mixing of stoichiometric amounts of a Cr(II) salt with the 
diimine in either ethanolic or aqueous solutions. A summary of the methods which have 
been employed in the literature is shown in Scheme 1.
Cr(bipy)X2 "  bipyorphen q x  h y d m e -----3 bipy or phen .  [Cr(bipy)3]X2 or
or Cr(phen)X2 Et0H X = Cl, Br, I ^  [Cr(phen)3]X2.2H20
X = Cl, Br
2 bipy 
X = I Me2CO 
[Crl2(bipy)2]
2 bipy/ElOH CrBr^ ^ SCN.  [Cr(NCS)2(bipy)2] or [Cr(NCS)2(phen)2].H20  
(or phen) 2 brown
Scheme 1
4 3 .1 2  Magnetic Properties
The mono(amine) chromium(II) complexes, CrX2(bipy), where X = Cl or Br, are 
high spin but show antiferromagnetic interaction presumably through halide-bridged 
structures.98 The bis- and tris-(amine) chromium complexes are low-spin, and stability 
constant data where the second stepwise stability constant is greater than the first, i. e. log 
K\ ~ 4, logX2 * 6.4, log^ 3  « 3.5,99 suggest that the spin pairing takes place in aqueous 
solution when the second bipy molecule coordinates (Table 4.3), presumably when the 
species [Cr(bipy)2(OH2)2]2+ is formed.
The ground term of low-spin Cr(H) is ^T\g and incomplete quenching of the orbital 
contribution is expected to produce magnetic moments in excess of the spin-only value of
2.83 BM which are temperature dependent. This is not generally found with the low-spin 
bipy or phen complexes (Table 4.3). Attempts to account for the small or zero temperature 
dependence theoretically in terms of spin-orbit coupling, distortion from octahedral 
symmetry, and electron delocalization have not been very successful especially at low 
temperatures (~ 50 K) where the experimental values do not drop as the theory predicts. 
This may be because there is greater deviation from cubic symmetry than the theory can
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Table 4.3: Chromium(II) Complexes of bipy and phen
Complex Colour Comments Reference
[Cr(bipy)3]X2 Deep violet X = Cl, Br.4 H2 0  |ieff = 2.9-3.4 BM 104, 105 
with little temperature variation over 
300-90 K
X = Br.2H20 , CIO4 Jleff = 2.9-3.4 BM 
with little temperature variation over 
300-20 K
X = C1.H20  Heff = 2.94 BM (MeOH)
X = Br.H20  jieff = 2.73 BM (MeOH)
106
102
102
[Cr(phen)3]X2 .2H20 Olive green X = Cl, Br, I, CIO4 , Jieff as above 105, 106, 
X = Cl Jleff = 2.62 BM (MeOH) 102
[Cr(R2bipy)3] C12 .H20
[Cr(R2bipy)3] CI2 .2 H2O
R2 = 4 ,4 '-Me2 Jleff = 2.76 BM (MeOH) 102
R2 = 5,5'-Me2 103
R2 = 5,6-Me2 Jleff = 2.87 BM (MeOH)
R2 = H,4-Me; H,5-Me; 3,4-Me2; 108
4 ,5 -Me2; 4 ,6 -Me2 
R2 = 4,7-Me jleff = 2.90 BM (MeOH) 102
[Crl2(bipy)2]
[CrX2(bipy)2]
J1295 = 3.35, JI90 = 3.32 BM 
X = OAc jleff = 3.01 BM 
X = Cl Jleff = 2.95 BM 
Also phen complex
98
107
[Cr(NCS)2(bipy)2] Brown J1295 = 2.91, JI90 = 2.86 BM 
v(CN) = 2082, 2070 cm-l 
v(M-NCS) = 362, 347 cm-l
98
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Complex Colour Comments Reference
[Cr(NCS)2(phen)2].H20 Brown |i295 = 3.07, p.90 = 3.06 BM 
v(CN) = 2078,2062 cm-l 
v(M-NCS) = 363,335 cm-l
98
CrX2 (bipy) X = Cl |l295 = 4.19, fJ.90 = 3.60 BM, 98, 109 
0 «45°
X = Br |i295 = 4.37, (190 = 3.75 BM,
0 -4 5 °
[CrX2(phen)].H20 X = Cl JX295 = 4.57, JI90 — 3.90 BM 
0  « 60°
X = Br }l295 = 4.54, p.90 = 3.90 BM 
0  -  60°
98
[Cr(OAc)2(PriNH2)2- jieff = 2.83 BM 107
(bipy)] Also phen complex
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accom m odate . 100 From further studies of the magnetic behaviour101 and NMR 
measurements102 it has been concluded that there is an appreciable trigonal component in 
the ligand field and relatively little delocalization of the unpaired electrons.
43 .13  Electronic and Infrared Spectra
Ligand field theory gives a reasonable account of the energies but not the intensities 
of the bands between 12 000 and 32 000 cm-1 in the spectrum of [Cr(bipy)3]2+, which are 
due to spin-allowed transitions of the low-spin d4 configuration. There are also many 
charge-transfer or intemal-ligand bands which are only weakly perturbed by methyl 
substitution in bipy.103
The splitting of the v (CN) band in the IR spectra of the complexes 
[Cr(NCS)2(bipy)2] and [Cr(NCS)2(phen)2] is indicative of cis configurations, but this has 
not been confirmed crystallographically.98
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4.3.2 Experimental
Preparation of Diisothiocyanato(3,4,7,8 -tetramethyl-l ,10-phenanthroline)chromium(II)
Chromium(II) chloride tetrahydrate (0.29 g, 1.5 mmol) was added to ammonium 
thiocyanate (0.23 g, 3.0 mmol) in absolute ethanol (30 cm3). 3,4,7,8-Tetramethyl-1,10- 
phenanthroline (Me4phen, 0.35 g, 1.5 mmol) in the same solvent (30 cm3) was added to 
the deep blue chromium(II) solution. Immediately a chocolate brown powder formed, 
which was filtered off, washed with ethanol and dried under vacuum.
The product was fairly air-sensitive, turning beige after a few minutes exposure, 
and pink after several hours.
Analysis for C i8H i6CrN4S2.0.25H2O: Calculated: C, 52.9; H, 4.1; N, 13.7 %
Found: C, 52.8; H, 4.4; N, 13.4 %
Preparation o f  B is(3 ,4 ,7 ,8 -Tetram ethyl-l,10-phenanthroline)chrom ium (II) 
Trifluoromethanesulphonate
Chromium(II) triflate tetrahydrate (0.34 g, 0.8 mmol) was added to a solution of 
Me4phen (0.38 g, 1.6 mmol) in absolute ethanol (30 cm3). When precipitation of a dark 
green microcrystalline powder began, the flask and its contents were placed in the freezer 
overnight. The product, a bright yellow, microcrystalline powder, was filtered off, 
washed with ethanol and dried in vacuo.
The powder appeared to be stable to aerial oxidation, with no colour change being 
observed after one week
Analysis for C34H32CrF6N40 6 S2 : Calculated: C, 49.6; H, 3.9; N, 6 .8  %
Found: C, 50.7; H, 4.1; N, 7.0 %
Preparation o f  Tris(3,4 ,7 ,8 -tetram ethyl-l,10-phenanthroline)chrom ium (II) 
Trifluoromethanesulphonate
Chromium(II) triflate tetrahydrate (0.52 g, 1.2 mmol) was added to an ethanolic 
solution (30 cm3) of Me4phen (0.29 g, 1.2 mmol). An olive green solution was formed 
from which a microcrystalline dark green product separated.This was filtered off, washed 
with ethanol and dried under vacuum. The filtrate was stood at room temperature overnight 
yielding needle-shaped crystals. These too were filtered off.
The tris complex was also synthesized using a 3:1 ratio of Me4phen:Cr(II) triflate. 
Exposure of the dark olive green powder to air resulted in a dark burgundy colour 
after several hours.
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Analysis for C5oH4gCrF6N6S206: Calculated: C, 56.7; H, 4.6; N, 7.9 %
Found: C, 56.6; H, 4.7; N, 7.9 %
Attempted Preparation o f Dichloro(3,4,7,8 -tetramethyl-l,lO-phenanthroline)chromium(II) 
Hydrated chromium(H) chloride (0.19 g, 1.0 mmol) was added to a solution of 
Me4phen (0.23 g, 1.0 mmol) in absolute ethanol (30 cm3). Initially, a dark green solution 
was formed, but after a few minutes stimng a red-brown solution and precipitate were 
observed. The reaction flask was placed in the freezer overnight. The product was an 
extremely fine powder which proved difficult to filter off, and after drying under vacuum it 
darkened considerably to a tan colour. The microanalysis was consistent with the Cr(IH) 
product, Cr(Me4phen)Cl3 , rather than the desired Cr(Me4phen)Cl2 .
Analysis for C i6H i6Cl2CrN2: Calculated: C, 53.5; H, 4.5; N, 7.8 %
Analysis for Ci6H i6Cl3Cr.EtOH: Calculated: C, 49.0; H, 5.0; N, 6.3 %
Found: C, 49.2; H, 5.0; N, 6.2 %
A tte m p te d  P rep a ra tio n  o f  D ic h lo ro b is (3 ,4 ,7 ,8 - te tr a m e th y l- l  ,10 -  
phenanthroline)chromium(III)
Chromium(II) chloride tetrahydrate (0.41 g, 2.1 mmol) was added to an ethanolic 
solution (30 cm3) of Me4phen (0.99 g, 4.2 mmol). A dark green solution was formed 
from which a red-brown precipitate settled. This difficult-to-filter powder, was dried in 
vacuo, and once more it darkened in colour on the sinter. The microanalysis was not 
consistent with [Cr(Me4 p h en )2 C l2 ], but with the chromium(III) analogue, 
Cr(Me4phen)2Cl3.
Analysis for C32H32Cl2CrN4 : Calculated: C, 64.5; H, 5.4; N, 9.4 %
Analysis for C32H32Cl3CrN4.4H20 : Calculated: C, 54.7; H, 5.7; N, 8.0 %
Found: C, 55.1; H, 5.4; N, 7.8 %
Preparation o f Tris(2,2 '-bipyridyl)chromium(II) Trifluoromethanesulphonate Dihydrate
Chromium(II) triflate tetrahydrate (0.82 g, 1.9 mmol) was added to a solution of 
2,2'-bipyridyl (0.61 g, 3.9 mmol) in absolute ethanol (30 cm3). The purple-black 
microcrystalline product which precipitated immediately from the dark red-black solution 
was filtered off, washed with ethanol and dried in vacuo.
Owing to the intense colour of the product, it was difficult to observe any change
in air.
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Analysis for C32H24CrF6N6 0 6 S2 .2 H2 0 : Calculated: C, 45.0; H, 3.3; N, 9.8 %
Found: C, 45.5; H, 3.1; N, 9.5 %
Preparation ofTris(22'-bipyridyl)chromium(II) Trifluoromethanesulphonate Hemihydrate 
The procedure followed was as above but using Cr(II) triflate tetrahydrate (1.10 g, 
2.6 mmol) and bipy (0.41 g, 2.6 mmol) in absolute ethanol (30 cm3). The purple-black 
microcrystalline product was isolated as before.
Analysis for C32H24CrF6N6O6S2.0.25H2O: Calculated: C, 46.4; H, 3.0; N, 10.1 %
Found: C, 46.5; H, 3.1; N, 9.9 %
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4.3.3 Results and Discussion
4.3.3.1 [Cr(Me4phen)(NCS)2]
The infrared spectrum of [Cr(Me4phen)(NCS)2] indicates the presence of N- 
bonded thiocyanate due to absorptions at 2090,2075 v(CN), 820 v(CS) and 950 cm-1 2 x 
8 (NCS) (with its fundamental at 475 cm-1), the splitting of the v(CN) band implying a cis 
arrangement in the complex.
At room temperature the magnetic moment of [Cr(Me4phen)(NCS)2] (Figure 4.3) 
is less than the spin-only value (4.90 BM), and it decreases considerably as the 
temperature is lowered. Similar antifeiromagnetic behaviour has been reported for other 
mono(phen) - 98 and mono(amine)-chromium(II) complexes,110,111 CrX2 (bipy) and 
CrX2(phen), X = halide. These are thought to be halide-bridged six-coordinate polymers, 
and in the case of the mono(phen) complexes, the reflectance spectra are characteristic of 
Cr(II) ions in a distorted octahedral environment. There is a band at 14 000 cm-1 which 
was assigned to the superimposed \ —» 5i?2 , t r a n s i t i o n s  and the shoulders near 11 
000 cm -1 assigned to t h e 5Bi  —> 5Ai transition. The reflectance spectrum of 
[Cr(Me4phen)(NCS)2] (Table 4.4 and Figure 4.4) does not appear to be characteristic of a 
six-coordinate structure since it has absorptions at 22 730, 18 870 sh and 8 550 cm-1. 
However, an octahedral arrangement cannot be excluded completely because there are 
strong metal-ligand charge transfer bands towards the higher wavenumber end of the 
spectrum which may partially obscure some of the absorptions. The large 0 value (82°) 
indicates substantial antiferromagnetic character, which may be accounted for by 
thiocyanate bridges, but there might equally well be metal-metal interaction due to a square 
planar configuration around the chromium(II).
4.3.32 Cr(Me4phen)2(CF38 0 3 )2
The infrared spectrum of Cr(Me4phen)2 (CF3SC>3)2  shows the presence of 
trifluoromethanesulphonate which might be uncoordinated, since the same splittings and 
very similar absorption frequencies and are observed both here and in the spectrum of 
Cr(H2 0 )4(CF3SC>3)2 , which may also contain non-bonded triflate.
The ground term of low-spin Cr(II) is 3Tig and incomplete quenching of the orbital 
contribution is expected to lead to magnetic moments greater than the spin-only value of
2.83 BM. The magnetic moment (Table 4.4 and Figure 4.5) of Cr(Me4phen)2(CF3SC>3)2 
is 3.13 BM at room temperature and 3.00 BM at liquid nitrogen temperature, which agrees 
well with those from other bis(phen) and bis(bipy)chromium(II) complexes.98 All exhibit 
moments higher than 2.83 BM which are virtually temperature independent.
The diffuse reflectance spectrum contains only one distinct band at 9 260 cm-1 
(Table 4.4 and Figure 4.6). Absorptions to higher wavenumber are difficult to
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Figure 4.3: Magnetic Susceptibility Measurements on [Cr(Me4phen)(NCS)2].0.25H2O
Temperature (K) XA' 1 Meff (BM)
293 119.09 4.44
261 108.71 4.38
229 97.79 4.33
197 87.59 4.24
165 77.93 4.11
133 68.33 3.92
101 59.46 3.69
87 55.43 3.54
Diamagnetic correction for ligands = 261 x 10"6 cm3 mol-1 
Results: H293 = 4.44 BM (I87 = 3.54 BM 0 = 82°
Meff(BM)
• • r  0  0
0 100 200 300
Temperature (K)
125
Fi
gu
re
 
4.
4:
 D
iff
us
e 
Re
fle
cta
nc
e 
Sp
ec
tru
m 
of 
Cr
(M
ej.
 p
he
n)
(N
CS
)2 o
o  -  o
o  — »o
VO
00CN
vo
VO
VO
O
o(N
o
(sjran /Cmnxqin) ooireqiosqy
126
W
av
en
um
be
r 
(c
nr
^)
Table 4.4: Magnetic Susceptibility and Diffuse Reflectance Data
Complex Colour
293 K
Meff (BM) 
90 K e<°)
Reflectance Spectra 
(cm-1)
[Cr(Me4phen)(NCS)2] Chocolate 4.44 3.54 82 22 730, 18 870sh, 8 55«
brown
[Cr(Me4phen)2] Bright 3.13 3.00 7 CT, 9 260sh
(CF3S 0 3)2 yellow
[Cr(Me4phen)3] Olive 2.96 2.72 24 No peaks resolved
(CF3S 0 3)2 green
[Cr(bipy)3](CF3S 0 3)2 Purple 2.65 2.74 -7 No peaks resolved
hemihydrate black
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Table 4.5: Magnetic Susceptibility Measurements on Cr(Me4phen)2(CF3SC>3)2
Temperature (K) 5CA"1 Peff (BM)
293 239.69 3.13
261 215.56 3.13
229 186.95 3.13
197 169.72 3.05
165 134.10 3.14
133 1 1 2 .6 8 3.07
101 91.70 2.97
87 77.13 3.00
Diamagnetic correction for ligands = 263 x 10"6 cm^ mol-1 
Results: |i293 = 3.13 BM p.87 = 3.00BM 0 = 7C
300
-  3.0
200 -
-  2.0
100 -
“ 1.0
0.0
100 200 3000
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distinguish since there is considerable overlap with the intense bands due to metal-ligand 
transfer, thus the configuration about the chromium ion can not be determined from this. 
As triflate may not be coordinated, the chromium(II) may again be in a square planar 
environment, but in the absence of crystallographic evidence this is uncertain.
An interesting observation during the synthesis of Cr(Me4phen)2(CF3S0 3 ) 2  was 
that on mixing the Me4phen and Cr(II) triflate a green powder was immediately 
precipitated.which resembled the tris product, [Cr(Me4 p h e n ) 3 ] (C F 3 SC>3 )2 . 
Disproportionation has been observed in aqueous solutions of [Cr(bipy)X2] and 
[Cr(bipy)3]X2 ,98 which both give [Cr(bipy)2X2], and with [Cr(phen)X2] which gives 
[Cr(phen)3]X2.
2 [Cr(bipy)X2] [Cr(bipy)2X2] + O X 2
[Cr(bipy)3]X2 -* [Cr(bipy)2X2] + bipy
3 [Cr(phen)X2] —» [Cr(phen)3]X2  + 2 CrX2
It is perhaps feasible that the green intermediate formed is [Cr(Me4phen)3](CF3SC>3)2 
which then disproportionates into the bright yellow, air-stable, bis(Me4phen)chromium(II) 
complex.
4.3.33 [Cr(Me4phen)s](CFsSOs)2
[Cr(Me4phen)3](CF3S0 3 ) 2  was prepared by reaction of Cr(II) triflate with either 
one or three molar equivalents of Me4phen. The synthesis from three molar equivalents of 
Me4phen is not surprising, but its production from one equivalent is. It is possible that the 
mono(Me4phen)chromium(II) complex is formed, which then disproportionates into the 
tris(amine) as shown above.
The complex must contain uncoordinated triflate and the infrared spectrum shows 
the profiles of both the bis- and tris-Me4phen complexes to be identical in the v(S0 3 ) 
region.
The magnetic moment of 2.96 BM (Figure 4.7) is slightly higher than the spin- 
only moment for low-spin chromium(II), indicating incomplete orbital quenching. This 
value decreases to 2.72 BM as the temperature is lowered to 87 K.
The compound is expected to be six-coordinate, but the reflectance spectrum 
cannot confirm this since the product is of such an intense colour that a meaningful 
spectrum was not obtained.
Crystals suitable for an X-ray structure determination have been obtained, which 
should provide the first crystallographic example of a tris(Me4phen)chromium(II) 
complex.
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Table 4.7: Magnetic Susceptibility Measurements on [Cr(Me4phen)3](CF3S03)2
Temperature (K) 5CA"1 Peff(BM)
293 267.24 2.96
261 245.88 2.91
229 219.15 2.89
197 193.72 2.85
165 162.63 2.85
133 136.00 2.80
101 107.24 2.75
87 93.98 2.72
Diamagnetic correction for ligands = 618 x 10-6 cm3 mol-1 
Results: p.293 = 2.96 BM )ig7 = 2.72 BM 0 = 24°
300 3.0
-  2.0
<
100
0.0
100 200 3000
& □
♦ Meff (BM)
Temperature (K)
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Attempts to synthesize mono, bis and tris(Me4phen) complexes from GCI2 .4 H2O 
were unsuccessful, yielding only products whose microanalyses were consistent with the 
formation of Cr(III) compounds (see Experimental, Section 4.2.2).
4.33.4 [Cr(bipy)3](CFsS0 3 )2 .hydrate
The syntheses of the [Cr(bipy)3](CF3SC>3)2  hydrates were achieved through 
reaction with one or two molar equivalents of bipy. The products were intensely coloured 
microcrystalline solids, and so consequently meaningful diffuse reflectance spectra could 
not be obtained.
The infrared spectrum contains the bands expected for uncoordinated CF3SO3-. 
The spectrum of the free bipy (Table 4.5) undergoes slight modification on coordination to 
a metal ion, in particular the ring frequencies (1600-1000 cm-1) undergo small, but 
observable shifts to higher wavenumber. Slight perturbations of the C-H in-plane 
deformation modes (P-CH) are also seen .The absorptions at 995 and 760 cm-1 in the free 
ligand have been suggested112 to be the best indicators of coordination to a metal ion. The 
former peak shifts to 1030 cm-1 in [Cr(bipy)3](CF3S0 3 )2 , and the strong band at 760 cm-1 
(y-CH) shifts to 770 cm-1. A satellite of the 760 cm-1 band at 745 cm-1, is also shifted to 
760 cm- 1 and is strongly split away from the parent peak at 770 cm”1.
The magnetic moment (Figure 4.8) at room temperature (2.65 BM) is lower than 
the low-spin spin-only moment of 2.83 BM, and it increases very slightly to 2.74 BM as 
the temperature decreases. The magnitude of the moment correlates well with those of 
previously reported tris(bipy)chromium(II) complexes105 which have moments in the 
range 2.74-3.40 BM.
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Table 4.5: Infrared Data for Chromium(II) complexes of bipy
bipy [Cr(bipy)3] (CF3S 0 3)2
3160 w 3100 w,br
3090 w 3080 w,br
3060 m
1587 s 1600 w
1560 m 1580 w
1555 m,sh
1525 w,br 1530 w,br
1420 m 1420 w,br
1300 w,br 1310 w
1275 w 1280 m
1260 m 1250 m
1 2 2 0  w 1 2 2 0  m
1170 w
1140 m 1150 m
1090 s 1090 m
1070 m
1045 s
1 00 0  m
995 w 1030 s
900 m 900 m,br
880 w,br
850 w
760 s 770 s
745 m 760 s
660 m 720 m
625 m 640 m
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Table 4.8: Magnetic Susceptibility Measurements on [Cr(bipy)3](CF3SO3)2.0.5H2O
Temperature (K) > i h-
* |ieff (BM)
293 332.89 2.65
261 290.78 2 .6 8
229 260.94 2 .6 8
197 215.75 2.70
165 178.38 2.72
133 142.32 2.73
101 107.48 2.74
87 92.79 2.74
Diamagnetic correction for ligands = -226 x 10^  cm^ mol' 1 
Results: |1293 = 2.65 BM |lg7 = 2.74 BM 0 = -7°
—1 c
3.0400
300 -
2.0
200 -
100
0.0
200100 3000
su-<
<4 -1<D
□ X
-1
Meff (BM)
Temperature (K)
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4.4 Chromium(II) Complexes of Pyridine-Type 
Ligands
4.4.1 Introduction
Several complexes of chromium(II) with 2-aminomethylpyridine have been 
reported. 1! 0 The bis(amine) complexes such as Cr(pic)2Cl2 are typical high-spin, distorted 
octahedral complexes, and the mono(amine) compounds e. g. Cr(pic)Cl2 , from their 
antiferromagnetic behaviour and reflectance spectra, are six-coordinate halide-bridged 
polymers. These complexes are shown together with those from the present study in Table 
4.6, at the beginning of Section 4.4.3 (Results and Discussion).
Chromium(II) complexes of picolylamine were of particular interest in the attempt 
to find spin-isomeric systems, which were not known for chromium(II) systems until 
recently. 113’114 Compounds containing tris(bipy) and tris(phen) as ligands comprising 
heterocyclic nitrogen atoms are low-spin, whereas tris(en) complexes, containing amino 
nitrogens, are high-spin. It seemed feasible that 2-picolylamine, with one heterocyclic and 
one amino nitrogen might form tris complexes that exhibited spin-isomerism. However, 
this types of complex has never been isolated.
4.4.2 Synthesis o f Chromium(II) Complexes o f 2-Aminomethylpyridine 
(2 -Picolylamine )
Preparation o f Bis(2-aminomethylpyridine)chromium(II) Trifluoromethanesulphonate
Chromium(II) triflate (1.73 g, 4.1 mmol) was added to a solution of 2- 
aminomethylpyridine (2-picolylamine, pic, 1.36 g, 12.6 mmol) in ethanol (30 cm3). 
Immediately a dark microcrystalline product precipitated which was filtered off, washed 
with ethanol and dried under vacuum. A golden brown powder remained.
The product became a deep pink colour after several hours exposure to the air.
Analysis for C 14H 16G F 6N4 S2O6 : Calculated: C, 29.7; H, 2.9; N, 9.9 %
Found: C, 29.9; H, 3.2; N, 9.6 %
Preparation ofBis(2-aminomethylpyridine)chromiwn(II) Tetrafluoroborate Hemihydrate 
A  solution of pic (2.50 g, 20 mmol) in absolute ethanol (30 cm3) was added to a 
solution of Cr(BF4)2-6 H2 0  (2.56 g, 7.7 mmol) in the same solvent (30 cm3). The deep 
pink powder which formed was filtered off, washed with ethanol and dried in vacuo.
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Analysis for B2Ci2H i6CrF8N4 .0 .5H2O: Calculated: C, 32.0; H, 3.8; N, 12.4 %
Found: C, 32.2; H, 4.0; N, 11.9 %
Preparation of2-Aminomethylpyridinediisothiocyanatochromium(II)
Ammonium thiocyanate (2.15 g, 28 mmol) in absolute ethanol (25 cm3) was added 
to CrCl2 .4 H2 0  (2.75 g, 14 mmol) also in absolute ethanol (25 cm3). A solution of pic 
(1.53 g, 14 mmol) in the same solvent (30 cm3) was added to the marine blue solution. 
The khaki powder which settled was obtained by filtration, washed with ethanol and dried 
under vacuum.
The same compound was also prepared using two molar equivalents of pic.
The apple green product is very air-sensitive, turning magenta within minutes of 
exposure to the atmosphere.
Analysis for C8H8CrN4S2 : Calculated: C, 34.8; H, 2.9; N, 20.3 %
Found: C, 35.0; H, 3.8; N, 20.1 %
Preparation ofBis(2-aminomethylpyridine)tetrakis(acetato)dichromium(II) Monohydrate 
Anhydrous chromium(II) acetate (0.46 g, 2.7 mmol) was added to pic (0.59 g, 5.5 
mmol) in absolute ethanol (50 cm3). The dark brown solution was stirred until all the 
acetate had dissolved and the reaction mixture was then placed in the freezer for several 
days. The dark brown needles formed were filtered off, washed with ethanol and dried in 
vacuo.
The compound is sensitive to aerial oxidation, turning magenta within a few 
minutes of exposure.
Analysis for C2oH28Cr2N4 0 8.H2 0 : Calculated: C, 41.8; H, 5.3; N, 9.7 %
Found: C, 42.1; H, 5.4; N, 9.4 %
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Table 4.6: Magnetic and Reflectance Data for Complexes of 2-Aminomethylpyridine
Complex Colour Peff (BM) Reflectance Spectra
(cm*l)
293 K 90 K 0  (°) v2 v i
[CrCl2(pic)2].H2 0 t Orange 4.86 4.82 2 22 400 13 OOOsh
[CrBi2 (pic)2]^ Orange 4.90 4.82 4 2 2  0 0 0 13 600
[Crl2(pic)2]t Orange 4.90 4.85 2 21  800 13 800
[Cr(pic)2](CF3S03)2 Golden
brown
4.60 4.68 -5 22 730 
18 770
13 880vb
[Cr(pic)2](BF4)2 Deep pink 4.55 4.54 0 24 320 
18 180
12 990vb
[CrCl2 (pic)]t Light green 4.45 3.70 J  = 6 14 OOOvb
[CrBr2(pic)2^ Green 4.40 3.46 J - 9 13 600vb
[Cr(NCS)2(pic)] Apple green 4.08 3.07 123 18 520 
17 240 
15 040
[Cr2(0 Ac)4(pic)2].H2 0 Dark brown 0.80 - 19 050vb
t  Reference 110.
137
4.4.3 Results and Discussion
Cr(pic)2(CF3S03)2
The magnetic moment (Figure 4.9) of Cr(pic)2(CF3SC)3)2 is marginally lower than 
the spin-only value for high-spin chromium(II), but this value remains constant to within 
experimental error as the temperature decreases. The diffuse reflectance spectrum (Figure 
4.10) which contains bands consistent with those reported1 ^  for distorted six-coordinate 
complexes, plus one at 18 770 .cm-1.
Cr(pic)2(BF4)2
Cr(pic)2 (BF4)2  has a virtually temperature independent magnetic moment of 4.55 
BM (Figure 4.11), and its diffuse reflectance spectrum (Figure 4.12) is very similar to that 
of Cr(pic)2(CF3S0 3 )2 , indicating that it probably has a similar structure. Tetrafluoroborate 
can be a non-coordinating anion, but it can also coordinate weakly which would lead to a 
distorted octahedral conformation around the chromium ion.
[Cr(pic)(NCS)2 ]
The infrared spectrum of [Cr(pic)(NCS)2] shows peaks at 2130 vs, 2105 vs 
v(CN), 815 w v(C-S), 470 m 8 (NCS), 940 w 28(NCS) and 340 m cm-l v(Cr-NCS) 
indicative of N-bonded isothiocyanate. The splitting of the v(CN) band shows that the two 
isothiocyanates are in a cis configuration around the Cr(II) ion.
The magnetic moment (Figure 4.13) shows considerable antiferromagnetic 
interaction, as with the other mono(pic) complexes shown in Table 4.6, indicating 
thiocyanate bridges. This would result in a distorted six-coordinate structure, and indeed 
the reflectance spectrum (Figure 4.14) shows absorptions consistent with a distorted 
octahedral arrangement. The spectrum is unusual in that it clearly shows three bands, 
whereas normally only one or two broad absorptions are visible. This points to the fact 
that [Cr(pic)(NCS)2] is a severely distorted six-coordinate complex which contains 
thiocyanate bridges.
[Cr2(pic)2(0 Ac)4]J i20
Since both [Cr2 (pic)2(OAc)4].H2 0  and [Cr2 (4 -ppy)2 (OAc)4] contain a Cr-Cr 
quadruple bond, their infrared, diffuse reflectance spectra and magnetic susceptibility 
measurements are discussed in Section 4.4.6.
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Figure 4.9: Magnetic Susceptibility Measurements on [Cr(pic)2](CF3SC>3)2
Temperature (K) XA'1 Meff (BM)
293 110.56 4.60
261 96.94 4.64
229 83.93 4.67
197 71.95 4.68
165 59.81 4.69
133 48.39 4.69
101 36.87 4.68
87 31.80 4.68
Diamagnetic correction for ligands = 365 x 10-6 cm3 moH 
Results: jj.293 = 4.60 BM |i-87 = 4.68 BM 0 = -5°
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Figure 4.11: Magnetic Susceptibility Measurements on [Cr(pic)2](BF4)2.0.5H2O
Temperature (K) 5CA”1 Meff (BM)
293 113.05 4.55
261 99.75 4.57
229 88.08 4.56
197 75.91 4.56
165 63.09 4.57
133 51.51 4.54
101 39.60 4.52
87 33.83 4.54
Diamagnetic correction for ligands = 178 x 10~6 cm3 moH 
Results: p.293 = 4.55 BM p.87 = 4.54 BM 0 = 0°
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Figure 4.13: Magnetic Susceptibility Measurements on [Cr(pic)(NCS)2]
Temperature (K) XA’1 Meff(BM)
293 140.67 4.08
261 128.09 4.04
229 116.88 3.96
197 105.40 3.87
165 94.83 3.73
133 84.90 3.54
101 75.18 3.28
87 73.68 3.07
Diamagnetic correction for ligands = 142 x 10‘6 cm3 mol-1 
Results: P293 = 4.04 BM |i87 = 3.07 BM 0 = 123°
160' 5.0
140-
4.0
120-
100 - 3.0
< 80-
60- 2.0
40-
20 -
0.0
300100 2000
S
<D
y 1 □ XA
♦ Meff (BM)
Temperature (K)
143
Fi
gu
re
 
4.
14
: 
Di
ffu
se
 
Re
fle
cta
nc
e 
Sp
ec
tru
m 
of 
Cr
(p
ic
)(N
CS
)2
(sjiun yCiBJiiqju) ootreqiosqy
144
W
av
en
um
be
r 
(c
nf
l)
4.4.4 Synthesis of Chromium(II) Complexes of 4-Pyrrolidinopyridine
There have been no reported complexes of 4-pyrrolidinopyridine with 
chromium(II), the most similar complexes being those with pyridine.2
Preparation o f Tetrakis(4-pyrrolidinopyridine)chromiwn(II) Trifluoromethanesulphonate 
Hemihydrate
Chromium(II) triflate (0.49 g, 1.2 mmol) was added to a solution of 4- 
pyrrolidinopyridine (4-ppy, 0.71 g, 4.8 mmol) in absolute ethanol (30 cm3). The deep 
purple solution was placed in the freezer overnight, and the lilac powder which separated 
was filtered off, washed with ethanol and dried un der vacuum. The same compound was 
also prepared from six molar equivalents of 4-ppy.
Within a few minutes of exposure to the air, the lilac powder became orange
brown.
Analysis for C38H48CrF6N8S2O6.0.5H2O: Calculated: C, 47.9; H, 5.2; N, 11.8 %
Found: C, 48.1; H, 5.4; N, 11.5 %
Preparation ofBis(4-pyrrolidinopyridine)tetrakis(acetato )dichromiwn(II)
Anhydrous chromium(II) acetate (0.36 g, 1.8 mmol) was added to a solution of 4- 
ppy (0.27 g, 1.8 mmol) in absolute ethanol (50 cm3). The slurry was stirred for two days, 
after which time the salmon pink powder was filtered off, washed with ethanol and dried 
under vacuum.
Analysis for C26H36Cr2N408: Calculated: C, 49.1; H, 5.7; N, 8.8 %
Found: C, 49.7; H, 6.1; N, 8.8 %
Preparation o f Bis(4-pyrrolidinopyridine)chromium(II) Chloride
Hydrated chromium(II) chloride (0.37 g, 1.9 mmol) was added to an ethanolic 
solution (30 cm3) of 4-ppy (0.56 g, 3.8 mmol). The deep blue solution that formed was 
placed in the freezer for one month. A pale blue powder was filtered off, washed with 
ethanol and dried in vacuo. Unfortunately, insufficient compound could be isolated to 
carry out magnetic measurements or a diffuse reflectance spectrum.
The sample rapidly turned olive green on exposure to air.
Analysis for C i8H24Cl2CrN4.0.25EtOH: Calculated: C, 51.6; H, 6.0; N, 13.0 %
Found: C, 52.1; H, 6.3; N, 13.2 %
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Attempted Preparation ofTetraJds(4-pyrrolidino)chromium(II) Chloride
The addition of CrCl2.4H20 (0.32 g, 1.6 mmol) to 4-ppy (0.97 g, 6.5 mmol) in 
absolute ethanol (50 cm3) resulted in the formation of a deep purple solution. After 
standing the reaction mixture in the freezer for six weeks no product was visible.
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4.4.5 Results and Discussion
Cr(4-ppy)4(CF3SO3)2-0.5H2O
The magnetic moment (Figure 4.15) of [Cr(4-ppy)4(CF3SO3)2].0.5H2O is normal 
for high-spin chromium(II) complexes. The diffuse reflectance spectrum (Figure 4.16) 
reveals three bands at 18 520, 17 240 and 15 625sh, instead of the usual one or two, 
indicating a very distorted octahedral structure.
[Cr2(4-ppy)2(OAc)4]
Since both [&2(4-ppy)2(OAc)4] and [Cr2 (pic)2 (OAc)4 ] .H2O contain a Cr-Cr 
quadruple bond, their properties are discussed after the introduction to quadruply-bonded 
systems below.
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Figure 4.15: Magnetic Susceptibility Measurements on Cr(4-ppy)4(CF3SC>3)2
Temperature (K) XA'1 (ieff (BM)
293 104.40 4.74
261 94.36 4.70
229 82.75 4.70
197 70.87 4.72
165 59.32 4.72
133 48.43 4.69
101 38.08 4.61
87 32.71 4.61
Diamagnetic correction for ligands = 570 x 10-6 cm3 mol'1 
Results: H293 = 4.74 BM p.87 = 4.61 BM 0 = 4C
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4.4.6 Complexes Containing a Cr-Cr Quadruple Bond
There have been many reports of tetrakis(carboxylato)dichromium(II) complexes 
of the general formula [Cr2 (RCOO)4]L2 all of which contain axial ligands, L, for example, 
w a t e r ,  l 15’116 pyridine1!7 and halides. 1A compilation of their diffuse reflectance spectra, 
crystallographic data and magnetic susceptibilities is given in Tables 4.7 and 4.8 towards 
the end of this Section.
Extensive infrared studies have been carried out on various complexes! I8-120 
resulting in the conclusion that the carboxylate group can coordinate as shown in I, II  and 
ID  below.!2!
M O
\
.C— --CH3
o
MAv ■CH3
M-
M-
\
/
■CH3
I  I I  III
In carboxylato complexes, the symmetrical O-C-O stretching frequency, Vi, and 
asymmetrical O-C-O stretching frequency, V2 , are important, because their position and 
separation given by Av = V2 - Vi, are useful in determining the type of bonding to the 
m eta l.H 8’! 19,122
In the acetate ion, the two C-O bonds are equivalent and V2 and Vi frequencies 
appear at 1570 and 1435 cm"! respectively. The bidentate coordination of the acetate to the 
same metal ion (II) results in a decrease of the O-C-O angle compared to the uncoordinated 
acetate, and consequently V2 decreases. Conversely, a bridging structure (HI) gives rise to 
an increase in V2 due to expansion of the O-C-O angle.
The infrared spectra of [Cr2(4-ppy)2(OAc)4] and [Cr2(pic)2(0Ac)4].H20 have 
bands at 1580 and 1590 cm_l respectively, which are consistent with the bridged-acetate 
structure (HI) since the frequency is higher than that of the free acetate ion. This has also 
been observed for other acetato-bridged complexes and is fully consistent with the 
structures determined by X-ray analysis.
Of many other bands present in the spectra, the absorption at ca. 390 cm"! is due to 
the v(Cr-O), and that at 300 cm"! is probably due to v(Cr-N).
A full complement of magnetic susceptibility measurements was only carried out 
on [C>2(4-ppy)2(OAc)4] (Figure 4.17 and Table 4.8), since the [Cr2(pic)2(0Ac)4].H20 
(Table 4.8) was not prepared in sufficient quantity to enable more than a room temperature 
measurement, using the Johnson Matthey balance, to be performed. Both are weakly
paramagnetic having magnetic moments at room temperature within the reported range for 
other dinuclear chromium(II) compounds.123-126
As chromium(II) complexes are extremely susceptible to oxidation, it is difficult to 
ascertain whether the weak paramagnetism is due to chromium(III) impurities or whether it 
arises from slight population of the triplet state (see also Chapter 6 for the dimeric 
Cr2tmtaa2). However, the molar susceptibilty (%a ) for [Cr2(4-ppy)2(OAc)4] increases as 
the temperature is lowered, which when found in chromium(II) acetate monohydrate127 
was attributed to the presence of chromic impurities. It can thus be assumed that [Cr2(4- 
ppy)2(OAc)4] does contain a quadruply bonded dichromium species, but its true magnetic 
behaviour is masked by chromium(III) impurities.
The reflectance spectra (Table 4.7) of the two tetrakis(acetato) complexes were 
recorded over the range 5 000-28 570 cm-1 (2 000-350 nm) and so consequently only one 
band was observed for each compound viz at 20 410 cm-1 for [Cr2(4-ppy)2(OAc)4] and a 
broad asymmetrical absorption which has its maximum at 19 050 cm-1 for 
[Cr2(pic)2(OAc)4] .H2O. Complexes of other acetato and carboxylato complexes recorded 
over a larger range (Table 4.7) show several more bands.126 The electronic spectrum of 
chromium(II) acetate monohydrate has been thoroughly investigated128429 and its two 
bands have been called band I and band II. Band I, at approximately 21 000 cm '1, has 
been assigned to the 8 —» 7t* transition of the binuclear system intensified by vibronic 
coupling. Band II, at about 30 000 cm-1, is thought to arise due to charge transfer from a 
nonbonding 7t-orbital of the acetate ligand to the 7t* metal orbital.
The position of the bands for the 4-ppy- and pic- acetato complexes is similar to 
that for band I in chromium(II) acetate monohydrate (see above) and so it can similarity be 
assigned. However, it is substantially higher than the values of band I reported for amine
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Figure 4.17: Magnetic Susceptibility Measurements on [Cr2(4-ppy)2(CH3CC>2)4]
Temperature (K) 5CA-1 Peff (BM)
293 6451.6 0.60
261 6000.2 0.59
229 5450.6 0.58
197 4850.3 0.57
165 4339.1 0.55
133 3700.6 0.54
101 3100.5 0.51
87 2826.0 0.50
Diamagnetic correction for ligands = 24 x 10-6 cm3 mol'l 
Results: (1293 = 0-60 BM p.87 = 0.50 BM 0 = 72°
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Table 4.7: Diffuse Reflectance and Crystallographic Data for Tetrakis(acetato)
Complexes of Dichromium(II)
Compound Cr-Crbond Reflectance Spectra (cm-1) Ref
length (A) II I
[Cr2(CH3C0 2 )4] 2.280 134
[Cr2(CH3C0 2 )4(L)n]
n=l, pipz 2.295 117
n=2, L=H20 2.362 30 000 21 000 114,115,
133
n=2, L=CH3C02H 2.300 123,130
n=2, L=pyridine 2.369 117
n=2, L=4-pyrrolidinopyridine 20 410 This work
n=2, L=piperidine 2.342 130
n=2, L=4-cyanopyridine 2.317 37
n=2, L=a-picoline 123
n=2, L=2-picolylamine 19 050vb This work
n=2, L=NH3 37 000 29 000 19 500 126
[NMe4]2[Cr2(CH3C 02)4(NCS)2] 34 800 33 900sh 28 600b 24 700w 19 OOOvb 126
[NEt4]2[Cr2(CH3C02)4(NCS)2] 35 300b 33 800sh 28 700b 24 900sh 18 700vb 125
[NEt4]2[Cr2(C2H5C0 2)4(NCS)2] 39 lOOsh 33 000sh29 200b 24 900sh 18 500vb 126
36 000b
Cs4[Cr2(S0 4)4(OH2)2].2H20 43 100 30 100 26 300sh 18 lOOvb 126
35 600 29 400sh
[Cr2(stearate)4(OH2)2] 40 OOOvb 30 000b 28 400sh21 900vb 126
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Table 4.8: Magnetic Susceptibility Measurements of Tetrakis(acetato) Dichromium(II)
Complexes
Compound 1*RT
(BM)
H87
(BM)
[Cr2(CH3C02)43 
[Cr2(CH3C0 2 )4(L)n] 
n=l,pipz 
n=2, L=H20 0.5
n=2, L=CH3C02H 0.5
n=2, L=pyridine
n=2, L=4-pyrrolidinopyridine 0.60 0.50
n=2, L=piperidine 0.48
n=2, L=4-cyanopyridine 
n=2, L=a-picoline 0.61
n=2, L=2-picolylamine 0.80
n=2, L=NH3 0.56 0.26
[NMe4]2[Cr2(CH3C0 2)4(NCS)2] 0.64 0.12
[NEt4]2[Cr2(CH3C0 2)4(NCS)2] 0.80 0.43
DNEt4]2[Cr2(C2H5C02)4(NCS)2] 0.74 0.19
Cs4 [Cr2(S0 4)4(OH2)2].2H20
[Cr^Stearate^OH^]
[Cr2(CH3C02)4(NH3)2]
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and isothiocyanato adducts of [Cr2(CH3COO)4].126 These latter complexes have been 
shown crystallographically to have among the longest known Cr-Cr separations, hence it 
was concluded, by comparison with other quadruply bonded chromium species130*131 that 
the frequency of bands I and II must decrease linearly with increasing Cr-Cr bond
length, l2^
The effect of axial ligands on the Cr-Cr separation has long been known.132 Axial 
ligands donate electron density into the o* antibonding orbital and so lengthen the bond, 
this effect becoming greater with more strongly donating ligands i. e., ligands which are 
more basic. The nature of the bridging ligands is secondary, but the Cr-Cr bond is longer 
when weakly donating bridges are present, as in the case of [Cr2 (CF3C0 C>2)4 (Et2 0 )2] 
which has a Cr-Cr bond length of 2.54 A (Table 4.7). The tetrakis(acetato)chromium(II) 
complexes prepared in this study can therefore be expected to have Cr-Cr bond lengths 
very similar to those found in [Cr2 (CH3C0 0 )4 (H2 0 )2] (2.362 A),115*133 on the basis of 
the diffuse reflectance spectra, and [Cr2(CH3C002)4(py)2l (2.369 A)117 since they 
contain pyridine-type axial ligands. Crystals of [Cr2(pic)2(OAc)4].H20 have in fact been 
recently obtained, but at the time of writing no crystallographic determinations had been 
undertaken.
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Chapter Five
5.1 Introduction
5.1.1 Background
Macrocyclic ligands are polydentate ligands containing donor atoms incorporated 
into, or attached to, a cyclic backbone. They contain at least three donor atoms, the 
macrocyclic ring consisting of a minimum of nine atoms.
A large number of both synthetic and natural macrocycles have been studied. 
Much of the research interest associated with their complexes has centred on their unusual 
properties, particularly those pertaining to investigations of structural, electrochemical, 
spectral, kinetic and thermodynamic aspects of complex formation.
It has long been recognized that macrocyclic ligand complexes are involved in a 
number of fundamental biological processes. For example, investigations into 
photosynthesis and the transport of oxygen in mammalian systems, necessitated 
exploration into the metal-ion chemistry of these systems as well as of cyclic ligand 
systems in general. The possibility of using synthetic macrocycles as models for 
biological systems has provided much impetus for research.
The poiphyrin ring (I) of the iron-containing haem proteins and the related chlorin 
(II) (a partially reduced porphyrin) ring attached to magnesium in chlorophyll, together 
with the corrin ring (III) of vitamin B 12 have been studied for many years, and all are 
conjugated systems.
R R
N =N =
i  11 m
However, there are a number of other completely different cyclic organic ligands. 
An example is the antibiotic nonactin (IV) which binds potassium selectively and acts as a 
carrier for this ion across cell membranes and artificial lipid bilayers.
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Prior to 1960, the highly conjugated phthalocyanines were the only well- 
established synthetic cyclic ligands. Phthalocyanine (V) and its derivatives bear a strong 
resemblance to the natural porphyrin systems.
NH
NH-
V
The extensive metal-ion chemistry of phthalocyanines is extremely interesting and 
varied. Specific phthalocyanines have been shown to behave as semiconductors, as 
catalysts for a variety of chemical transformations, and have been involved in model 
studies for a number of biochemical systems. Moreover, phthalocyanines have found 
application in commerce as colouring agents e. g. copper phthalocyanine and its 
substituted derivatives are used as blue and blue-green pigments and dyes, the colour 
being influenced by the particular substituent present. In addition to their intense 
colouration, the complexes also exhibit marked resistance to degradation: they show high 
thermal stability, fastness to light, and inertness to acids and alkalis. These features all 
favour their utilization as pigments and dyes.
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Since 1960, many more synthetic macrocycles have been reported and this has 
resulted in a great increase in interest in all aspects of the chemistry of macrocyclic 
systems. Also from this time, there has been more research into the role of metal ions in 
biological systems. Many such 'bioinorganic' studies have involved complexes of both 
natural and synthetic macrocycles. Consequently, there is now substantial overlap 
between these two burgeoning areas.
In addition to the biological implications, the chemistry of macrocyclic ligands and 
their complexes is of relevance to a number of other diverse areas (see Chapter 3, Section 
3.1.2). Many of the current developments impinge on topics such as metal-ion catalysis, 
organic synthesis, metal-ion discrimination, and analytical methods, as well as on a 
number of potential industrial and medical applications.
5.1.2 Types o f Macrocycles
Macrocyclic ligands can be divided into to broad types viz (i) those containing 
nitrogen, sulphur, phosphorus, and/or arsenic and (ii) those containing ether functions as 
donors.
Type (i) tend to have a considerable affinity for transition and other heavy metal 
ions, usually exhibiting less inclination to form stable complexes with alkali and alkaline 
earth metal ions. The research undertaken here concentrated on ligands containing N4  
donors.
Type (ii) show the opposite behaviour, favouring complexation with alkali and 
alkaline earth metals over transition metals. An example of this category is the ’crown1 
polyether (VI).
a: X)
VI
Apart from simple type (i) ligands, some of which are illustrated below (VII to 
XV), there is an increasing number of 'structurally developed’ cyclic systems. These are 
recorded briefly here for completeness, but their properties and syntheses are not 
discussed in detail, since they were considered outside the scope of this research work. 
They include:
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(i) macrocycles with pendant functional groups (XVI and XVII)
(ii) binucleating systems which can incorporate more than one metal ion (XVIII 
and XIX)
(iii) interlocking cyclic systems (XX)
(iv) three-dimensional macrocycles which comprise a void adjacent to the metal 
binding site (XXI)
(v) cage macrocycles which are capable of tightly encapsulating a metal ion 
(XX II).
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5.1.3 The Macrocyclic Cavity
The donor atoms in macrocyclic ligands are normally spaced so that five-, six- and 
sometimes seven-membered chelate rings are formed on coordination. Consequently, 
cyclic systems incorporating three donor atoms usually contain nine to thirteen atoms in 
their inner macrocyclic ring. The ring sizes for up to six donor atoms are summarized 
below.
Number of donor atoms Number of atoms in inner ring
3 9 to 13
4 12 to 17
5 15 to 21
6 18 to 25
Examples of different chelate ring patterns for 14-membered macrocycles are 
illustrated in XXIII to XXV.
X X III X X IV  X XV
The hole size of a macrocyclic ligand is a fundamental structural parameter which 
will usually influence the properties of its metal complexes relative to those of the 
corresponding non-cyclic ligand. The large number of X-ray diffraction studies which 
have now been carried out on macrocyclic systems makes it possible to define many of the 
variables which affect hole size. Broadly speaking there are three factors affecting the 
cavity size:
(i) The number of atoms in the macrocyclic ring (Section 5.1.3.1)
(ii) The nature of the donor atoms (Section 5.1.3.2)
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(in) Hybridization of donor atoms (Section 5.1.3.3)
(iv) Stereochemical constraints resulting from the cyclic nature of the system 
(Section 5.1.3.4).
5.1.3.1 Number o f Atoms in the Macrocyclic Ring
The optimum hole sizes for a series of fully-saturated, tetraaza macrocycles of the 
type shown in XXVI have been calculated135 using molecular modelling. The cavities are 
in conformations suitable for coordination to a metal ion. However, this method does not 
take into account the ring expansions and contractions necessary to accommodate metal 
ions which are too big or small for the 'natural' hole size.
X X V I
A simpler procedure136 has been used to compare the hole sizes for related 
coordinated macrocycles as the ring size is varied. This shows a smaller than expected 
increase in the cavity of flexible macrocycles as the number of atoms in the ring is 
increased. Therefore, the observed differences (0.04-0.05 A) for adjacent rings along a 
given ligand series indicate expansion in the smaller rings, but contraction in the larger 
rings. Consequently, the fit for the metal ion is improved in each case. Nevertheless, each 
ring expansion or contraction will be accompanied by an increase in ligand strain. This 
may be reflected in less favourable chelate ring conformations or in distortion of the 
coordination geometry around the metal ion. Hence, the observed macrocyclic cavity will 
be a result of the balance between the dictates of the metal ion and those of the macrocyclic 
ring. If the ligand comprises a rigid backbone, then the capacity for radial expansion or 
contraction may be severely limited. Under these conditions, metal-donor atom bond 
distances which are considerably compressed or elongated from their normal values may 
arise. This has been bome out by a series of nickel porphyrin complexes137 which contain 
longer Ni-N bonds than in the related diamagnetic nickel complex containing a non­
constrained N4 donor set.
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5.13.2 The Nature o f the Donor Atoms
Replacement of a small donor atom by a larger one is expected to affect (but not 
necessarily reduce) the cavity size available to the metal ion. A comparison of the two 
examples (XXVII and XXVIII) reveals that substitution of sulphur for nitrogen results 
in a partial compensation for the effect of the larger sulphur. The carbon-sulphur bonds in 
the macrocyclic ring are longer than the corresponding carbon-nitrogen bonds. Although 
the bonding cavity of the macrocycle tends to be reduced, this is offset to a lesser or 
greater degree by the corresponding increase in the circumference of the macrocyclic ring. 
Calculations for XXVII and XXVUI suggest that the bonding cavities are very similar in 
size, and both are near the ideal for high-spin Ni(II).
X X V II X X V III
5.13.3 Hybridization o f Donor Atoms
Introduction of sp2-imine donors into a cyclic ligand leads to a reduction of the 
macrocyclic hole size, relative to the corresponding ligand containing sp3-amine donor 
atoms. This arises due to the decreased bites i.e. distances between adjacent donors, for 
the chelate rings containing the imine groups. Overlap of the sp2 hybrids with the 
appropriate metal orbital leads to a decrease in the corresponding metal-nitrogen bond 
length since the sp2 hybrids have a higher s-orbital character and are not as diffuse as their 
sp3 counterparts. In addition, sp2 hybridization gives rise to the possibility of metal to 
ligand 7t-bond formation in some cases which will further shorten the metal-nitrogen 
bond. Again, the two effects are in antithesis: the hole size of the imine-containing 
macrocycle will be reduced, but this is opposed by the smaller effective covalent radius of 
the sp2 nitrogens.
5.13.4 Stereochemical Constraints
Macrocycles have additional stereochemical constraints resulting from their cyclic 
nature in comparison with their open chain analogues. These constraints are dependent on 
several factors such as the overall macrocyclic ring size and the number and nature of the 
various chelate rings formed on coordination. Such constraints will regulate the positions
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of the donor atoms relative to each other and to the central metal ion. The restrictions are 
further limited by the coordination modes and/or conformations of the coordinated 
macrocycle. For example, when the metal ion is too large to fit into the available cavity, 
then provided complexation occurs, the macrocycle will either fold or the metal will be 
displaced from the donor plane of the ring.
The formation of less common coordination geometries for particular metal ions 
may also be encouraged by macrocycles due to increased ring strain on coordination. Such 
an effect is illustrated by the variation in the structures of the nickel complexes of the 14-, 
16-, 18- and 20-membered tropocoronand macrocycles. 138 The coordination geometry for 
the 14-membered ring complex is approximately planar whereas there is a progressive 
distortion towards a tetrahedral geometry, which is less common for nickel, as the ring 
size is increased. The distortion away from planarity is almost certainly a reflection of the 
increased steric crowding associated with the progressive introduction of larger chelate 
rings in the series. For the largest (20-membered) ring species an angle of 85° occurs 
between the N1-N1-N2 and N3-M-N4 planes.
So far all the macrocyclic ligands and their complexes discussed have contained a 
saturated inner cyclic ring. Unsaturation in the ring may also have major steric and 
electronic consequences for the nature of the macrocycle. Extensive saturation will result 
in loss of flexibility with a corresponding restriction of the number of possible modes of 
coordination. This loss of flexibility tends to be reflected in an enhanced macrocyclic effect 
(Section 5.1.3.5). For example, if the metal ion is contained in the macrocyclic cavity, the 
loss of flexibility reduces the possible pathways for ligand dissociation and this tends to 
increase the kinetic stability of the system. Enhanced thermodynamic stabilities will 
usually also result.
Many macrocycles incorporating high levels of unsaturation have been synthesized 
and, in extreme cases, the system may be completely conjugated to yield annulene-like 
rings exhibiting various degrees of complexity (XXIX and XXX).
XXIX XXX
166
As a consequence of the cyclic character of macrocyclic ligands, the possibility 
also exists that a Huckel aromatic system containing (4n + 2)7t-electrons will occur. The 
porphyrins represent one such set of ligands. Such aromaticity may thus serve as an 
additional contribution towards increasing the difference between a particular cyclic ligand 
and its non-cyclic analogue. Apart from the possible effects of increased rigidity on the 
complex, the enhanced electron delocalization associated with rings of this type may also 
affect the nature of the cyclic complex formed. The capacity for such rings to act as 
electron sinks undoubtedly accounts for the ability of many ligands of this type to stabilize 
metal ions in unusual oxidation states. The most favourable overlap of the extensive n- 
cloud occurs when highly conjugated macrocyclic ligands are planar. However, structural 
studies have now demonstrated that deviations from planarity can readily occur for these 
large ring systems. For example, porphyrins yield metal complexes containing the ligand 
in both planar and 'ruffled' non-planar forms. This 'ruffling' of the porphyrin core has 
been discussed in terms of a concomitant shortening of the metal-nitrogen bond lengths in 
specific complexes. I37
Similar distortions from planarity are also observed in a range of conjugated 
synthetic ring systems. For example, the tetraaza macrocycle, tmtaaH2 (XXXI), adopts a 
saddle-shaped configuration in its complexes with a number of transition metal ions55 
even though the four donor atoms remain essentially planar. In this case, the non-planarity 
of the remainder of the ligand appears to result largely from steric clashes between the 
methyl substituents and the aromatic rings.
The inherent rigidity of unsaturated macrocycles may also aid the adoption of less- 
common coordination geometries. For example, the potentially sexadentate macrocycle 
(XXXII) yields Pb(II) and Cd(II) complexes which have unusual geometries.139
X X X I
167
XXXII
With Pb(II), the stereochemistry is a hexagonal pyramid with one 
axial site occupied by a water molecule and the other filled by a sterically-active lone pair 
of electrons on the metal ion. The Cd(II) complex is eight-coordinate (with a water 
molecule and a perchlorate group occupying axial positions). However, the cadmium ion 
is not held centrally in the macrocyclic hole but is displaced to one side, presumably 
reflecting the small size of this ion relative to the available cavity in the macrocycle. In this 
case the unsaturation in the ligand apparently restricts the closing in of the donor atoms 
towards the Cd(H) ion which might be expected to occur for a less rigid cyclic system.
The steric and electronic effects pertaining to the hole size discussed above are a 
prime cause of many of the unusual properties described in Section 5.1.1. The properties 
of a particular complex will reflect the compatability (or lack of it) of the cavity for the 
metal ion involved. When a mismatch between the cavity and ion occurs then these 
peculiar features may arise. Nevertheless, it is important to note that even when the 
coordination geometry prescribed by the macrocyclic hole is ideal for the metal ion 
involved, anomalous kinetic and thermodynamic properties may still be observed (relative 
to the open chain ligand). For example, very often the macrocyclic complex will exhibit 
both enhanced thermodynamic and kinetic stabilities. These increased stabilities are a 
manifestation of what has been termed the macrocyclic effect
5.1.3.5 Macrocyclic Effect
In pioneering work, it was demonstrated that the stability constant for the Cu(II) 
complex (red isomer) of the reduced Curtis macrocycle (Section 5.2.2) shown in 
xxxm is 104 times higher than that for the related complex of the open-chain tetramine, 
X X XIV.14°>141
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Although it is expected that the stability of a particular complex type increases as 
the number of chelate rings increases (this is called the chelate effect), the additional 
stability of the macrocyclic copper complex was about an order of magnitude greater than 
expected solely from the presence of an additional chelate ring. In view of this Cabbiness 
and Margerum coined the term macrocyclic effect to described this additional unexpected 
stability.
Table 5.1 summarizes the thermodynamic parameters relating to the macrocyclic 
effect for the high-spin Ni(II) complexes of four tetraaza macrocyclic ligands and their 
open-chain analogues. The open-chain derivative which yields the most stable nickel 
complex was used in each case.142  Clearly, the enthalpy and entropy terms make 
substantially different contributions to complex stability along the series. Thus, the small 
macrocyclic effect which occurs for the first complex results from a favourable entropy 
term which overrides an unfavourable enthalpy term. Similar trends are apparent for the 
next two systems but, for these, entropy terms are larger and a more pronounced 
macrocyclic effect is evident. For the fourth (cyclam) system, the considerable macrocyclic 
effect is a reflection of both favourable entropy and enthalpy terms.
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Table 5.1: Thermodynamic Parameters Illustrating Macrocyclic Effect in High-spin 
Nickel(II) Complexes of the Macrocycles L2, L4, L6 and L8.
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5.2 Synthetic Procedures for Macrocycles
The procedures for synthesizing macrocyclic ligands are many and varied. 
However, the published cyclizations can be broadly subdivided into two major categories. 
The first of these are the direct syntheses in which the cyclization proceeds by a 
conventional organic reaction and does not depend upon the directing influence of the 
metal ion. In the second type, the generation of the cyclic product is influenced by the 
presence of a metal ion. The metal ion acts as a template for the cyclization reaction. 
However, there are many macrocyclic systems which are formed by multistep procedures 
and hence may involve a combination of both template and non-template reactions.
A normal priority in both direct and template procedures is to maximize yields of 
the required product by choosing strategies which inhibit competing linear polymerization 
and other reactions. If inappropriate conditions are used in the syntheses of macrocycles, 
then the major products are often polymers.
5.2.1 Direct Macrocycle Syntheses
Macrocyclic syntheses using non-template methods can be divided into two further 
categories viz high-dilution and moderate/low dilution procedures.
52.1.1 High Dilution Procedures
A typical direct synthesis involves the reaction, in equimolar concentrations, of 
two reagents incorporating the required fragments for the target molecule such that a 1:1 
condensation occurs. Such reactions are frequently performed under high-dilution 
conditions. These tend to favour cyclization by enhancing the prospect of the half­
condensed moiety reacting with itself head-to-tail rather than undergoing a condensation 
with another molecule in the reaction solution. If the latter occurs then this is the initial step 
of an oligomerization or polymerization process which will not produce the desired 
monocyclic product.
/  \ /  \ / — \
BrCCH^BrNaOQtHs
C2H5OH
S SH S SNa S S-
+ 2NaBr
Scheme 1
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Scheme 1 outlines the preparation of a 14-membered S4 -donor macrocycle using a 
non-template synthesis.143,144 The yield is dependent upon the degree of dilution under 
which the condensation is performed. Initially a yield of 7.5 % was obtained. This was 
subsequently increased to 55 % by performing the reaction at higher dilution. The 2:2 
condensation product containing eight sulphur atoms in the ring was shown to be one of 
the side products formed under the reaction conditions employed. I45 This example serves 
to illustrate some of the problems associated with the use of direct condensation reactions. 
In general, such difficulties may include the formation of undesirable side products, the 
need to use large volumes of solvents, and variable yields.
5 2 .1 2  Moderate to Low Dilution Procedures
A range of direct syntheses have been performed under conditions of moderate to 
low dilution that still led to the isolation of the required cyclic product in good to high 
yields. Within the synthesis there may be further mechanisms for assisting cyclization 
which may operate for particular systems.For example, the N4 -macrocyclic series shown 
in Scheme 2 exhibits intramolecular hydrogen-bonding. Such hydrogen bond formation 
will considerably reduce the lone-pair repulsions which would otherwise occur within the 
macrocyclic ring. Hence, in this system, the hydrogen bonds can be thought of as acting 
like a metal cation in both aiding the formation of the ring and stabilizing it once formed.
5.2.2 Template Syntheses
The effect of metal ions in promoting certain cyclization reactions has been 
recognized for a long time. The first synthetic macrocycle was a dark blue compound 
obtained by a template reaction in 1928 as a side product formed during the preparation of 
phthalimide by reaction of phthalic anhydride and ammonia in an iron vessel. This 
compound was later shown to be an Fe(II) complex of the highly conjugated macrocycle
Scheme 2
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phthalocyanine. Since this initial discovery, a variety of in situ methods have been 
employed to prepare phthalocyanine complexes146*147 although there is no single method 
which can be used for all complexes.
Apart from this one-reaction type, the routine use of metal template procedures for 
obtaining a wide range of macrocyclic systems stems from 1960 when Curtis discovered a 
template reaction for obtaining an isomeric pair of Ni(II) macrocyclic complexes.14** 
Details of this reaction are discussed later in Section 5.2.2.1. The template synthesis of 
these complexes marked the beginning of renewed interest in macrocyclic ligand chemistry 
which is still growing today.
Two possible roles for the metal ion in a template reaction have been described. 149 
Firstly, the metal ion may sequester the cyclic product from an equilibrium mixture, e. g. 
between products and reactants. In this manner the formation of the macrocycle is 
promoted as its metal complex. The metal ion is thus instrumental in shifting the position 
of the equilibrium - such a process has been termed a thermodynamic template effect. 
Secondly, the metal ion may direct the steric course of a condensation such that formation 
of the required cyclic product is facilitated. This process has been called the kinetic 
template effect.
Examples of the operation of both types of effect have been documented. 
Nevertheless, while these effects are useful concepts, very often the role of the metal ion 
in a reaction may be quite complex, and may involve aspects of both effects. Also, the 
metal may play less obvious roles in such processes such as masking or activating 
individual functional groups.
5.2.2.1 The Curtis Synthesis
As mentioned earlier (Section 5.2.2), Curtis reported the first of a number of 
pioneering template reactions for macrocyclic systems which were published in the period 
1960-1965. In the Curtis synthesis, a yellow crystalline product was observed to result 
from the reaction of [N i(l,2 -diaminoethane)3 ]2 + and dry acetone.This product was 
initially thought to be a bis-ligand complex of the diimine shown in XXXV.
j  ^  CH3
C = N  N = C
/  \
h3c  c h 3
XXX V
However, the stability of the product in the presence of boiling acid or alkali was 
inconsistent with it containing two ligands of this type. Metal complexes of XXXV
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would be expected to decompose under much milder conditions than these. The yellow 
product was subsequently shown150’151 to be a mixture of the isomeric macrocyclic 
complexes XXXVI and XXXVII. In this cyclization reaction, the formation of bridges 
between the two 1 ,2 -diaminoethane moieties involves condensation of two acetone 
molecules per bridge.
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Although the sequence of the reaction steps remains uncertain, the mechanism may 
involve the nucleophilic attack of an acetonyl carbanion on the carbon of a coordinated 
imine as in Scheme 3.
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Condensation of the carbonyl function with an amine from a second 1,2- 
diaminoethane molecule coupled with a repeat of the initial reaction sequence will lead to 
the cyclic product. It is of interest that this is one case in which the synthesis will also 
proceed in the absence of a metal ion. Starting from a mono-protonated salt of 1,2- 
diaminoethane in acetone, the metal-free condensation may proceed via a reaction such as
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Scheme 4. Once again, a hydrogen-bonding network may act as a template for the reaction 
and also serve to stabilize the product once it is formed. A revised synthesis of the metal- 
free ligand (XXXVIII) has been published; 152 in this case the trans-diene ligand was 
isolated in greater than 80 % yield e. g. as its dihydrobromide.
Y Y y y
N -H — N
A A N—  H -N ,
X X X V III
Scheme 4
Since the original report of the Curtis ligand there have been many subsequent 
publications about template syntheses. Schiff-base and related condensations have figured 
prominently in these reactions. For ease of presentation, a few examples of these have 
been divided into those involving Schiff-base formation and those which do not.
5.22.2. Template Syntheses Involving Schiff-base and Related Condensations
A generalized Schiff-base condensation to produce an imine linkage is shown in 
Scheme 5.
_  - R  ^  T T  ^  ^
Q&- H O -^C ^  -H 20
R'— H2N:—  ^||  T  —  ||
R,^ r^s *Mnf R '^ ^ M ™ -
Scheme 5
Jager reported a series of macrocyclic complexes77*153 produced by the reaction 
between p-ketoiminato compounds (of the type, XXXIX) and diamines (e. g. o-
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phenylenediamine, 1,2-diaminoethane and 1,3-diaminopropane).The products obtained 
were of the type shown in XL.
COR2 COR2
COR2
X = (CH2)2-, -(CH2)3-, o-C6h 4 
Y = -(CH2)2-, <9-C6H4
R’ = c h 3, c 6h 5
R2 = CH3> C6H5, OC2H5
COR2
XXXIX XL
Jager used forcing conditions to effect ring closure such as heating the appropriate 
precursor complex of type XXXIX with the required diamine in the absence of solvent. 
Emphasis in these studies was given to the synthesis of square planar nickel(II) and 
copper(II) complexes.
5.22.3 Non-Schiff-base Template Reactions
This category applies to those compounds in which the ring-closing condensation 
involves reaction at a centre other than a donor atom (as in the case of Schiff-base template 
reactions).
An example of this type is the reaction of bis(dimethylglyoximato)nickel(H) (XLI) 
with boron trifluoride.154,155 The N4 -donor macrocycle (XLII) is produced.
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In this reaction the proton of each bridging oxime linkage is replaced by a BF2+ 
moiety. X-ray studies subsequently confirmed156 that the complex has the planar structure 
originally proposed.
5 2 2 .4  Modification o f the Preformed Macrocycle
Following the generation of a macrocyclic ring by a template reaction it has often 
been the practice to modify the ring by further reaction.
The ligand reaction step may occur either with the template metal still intact or may 
take place after removal of the metal ion from the ring. Many of the Schiff-base 
macrocycles are unstable in the absence of a coordinated metal ion. However, for such 
systems it has often been possible to hydrogenate the coordinated imine functions directly. 
The resulting saturated ligands will not be subject to the hydrolytic degradation which 
occurs for the imine precursors in the absence of their metal ion.
Typically, the imine linkages can be reduced chemically (e. g. using sodium 
borohydiide in methanol), catalytically (e.g. using H2 in the presence of a catalyst such as 
Pd/C), or electrochemically.
52 .2 5  Generation o f Free Macrocycles From Their Metal Complexes
The removal of a macrocycle from its coordinated metal ion is a frequent procedure 
in macrocyclic ligand synthesis. Conditions for inducing such demetallations are briefly 
discussed below.
(i) The addition of excess acid may lead to demetallation of the complex of an 
amine-containing macrocycle. For chemically labile systems, the acid will protonate 
the amine functions as they dissociate from the metal ion and thus scavenge the 
macrocycle as its N-protonated form.
(ii) Demetallation may be induced by addition of a strongly competing ligand to a 
solution of the macrocyclic complex. Frequently used examples are the cyanide ion 
or ethylenediaminetetraacetate. In some cases, such as when sulphide or hydroxide 
ion is employed as the scavenging ligand, the metal may be removed as an insoluble 
precipitate (the metal sulphide or hydroxide) leaving the metal-free macrocycle in the 
supernatant liquid.
(iii) In special cases, when the template ion is weakly coordinated, demetallation 
may be induced simply by dissolution of the complex in a coordinating solvent in 
which the free macrocycle has poor solubility. 157 Indeed, there are instances where 
the free Schiff-base macrocycles have been isolated directly from in situ reaction
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mixtures in which a weakly coordinating metal ion is used as the template. 158’159 
Related behaviour in which dimethyltin(IV) directs the course of a cyclization 
without tin being itself incorporated in the macrocyclic product has been 
investigated. This general phenomenon is known as the transient template effect 
.i60 The origins of the effect in the last case appear to lie in the ability of 
dimethyltin(IV) to act as a template for the immediate open-chain precursor of the 
cyclic system. However, this ion appears too large for the cavity of the macrocyclic 
product formed. Under the conditions employed for the ring closing step, the tin 
precipitates as its insoluble oxide leaving the metal-free macrocycle in solution 
which may then be isolated as its hydrogen hexafluorophosphate salt.
(iv) For some systems it has been found necessary to perform a redox reaction 
(usually a reduction) on the complexed metal before it may be removed from the 
macrocycle. This is often the case when the metal ion in its original oxidation state 
is kinetically inert (e. g. Co(III) and Cr(III)). On reduction, the lability of such ions 
is normally increased and it becomes feasible to use one of the procedures just 
discussed to remove the ion from its macrocyclic complex. For some systems, 
reduction of the metal ion to a low oxidation state (for example, to the M(0) state) 
leads to its spontaneous dissociation from the macrocycle.
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5.3 Attempted Template Synthesis of 5,7,12,14- 
Tetramethyldibenzo[Z>,i][l,4,8,ll]tetraaza[14]annul 
ene, Crtmtaa
Using anhydrous chromiwn(II) acetate, o-phenylenediamine and acetylacetone
The method used was based on the template synthesis reported by Goedken and 
Weiss.78
Anhydrous chromium(II) acetate (0.74 g, 2.18 mmol) was refluxed with OPD 
(0.40 g, 3.70 mmol) and acetylacetone (0.37 g, 3.70 mmol) in anhydrous methanol 
(AnalaR grade, 75 cm^) for 9 hours, allowed to cool and then left to stand for 4 days. 
Large, well-formed maroon-black crystals were formed which were filtered off, washed 
with methanol and dried. The analysis of the crystals was not consistent with the 
formulation Crtmtaa, as hoped, but instead it agreed closely with that calculated for 
Cr(OAc)2 .MeOH.
Analysis for C2 2 H2 2 O N 4 : Calculated: C, 66.99; H, 5.62; N, 14.20 %
Analysis for C5H 10C1O 5 : Calculated: C, 29.70; H, 4.95 %
Found: C, 30.15; H, 5.14 %
Using hydrated chromium(II) acetate, o-phenylenediamine and acetylacetone
Chromium(II) acetate monohydrate (0.49 g, 2.60 mmol) was added to a mixture of 
OPD (0.56 g, 5.18 mmol) and acetylacetone (0.52 g, 5.19 mmol) in anhydrous methanol 
(AnalaR grade, 70 cm^). A sandy brown precipitate was formed immediately, which 
became a red-maroon colour as the acetate dissolved. After refluxing for 48 hours, the 
burgundy solution was stood for 4 days. No product was obtained.
Using chromium(II) chloride, o-phenylenediamine and acetylacetone
Chromium(II) chloride tetrahydrate (0.21 g, 1.08 mmol) was dissolved in 
anhydrous DMF (50 cm^) and o-phenylenediamine (0.25 g, 2.31 mmol) in DMF (50 
cm3) was added to the Cr(II) solution. The pale blue-turquoise solution was refluxed for 
90 mins, resulting in the formation of a blue suspension in a green solution. On cooling it 
was observed that both a pale blue and a green powder had formed, the supernatant being 
blue. When the mixture was completely cold the supernatant was lilac. Acetylacetone 
(0.25 g, 2.50 mmol) in DMF (10 cm^) was added to the cold mixture. A dark green 
solution was immediately formed, which within a few minutes of refluxing became deep 
purple. After a total of 4.25 hours at reflux a blue-green solution remained, from which no 
product could be isolated.
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Using Cr(acac)2 and o-phenylenediamine
A deoxygenated solution of OPD (0.14 g, 1.30 mmol) in acetonitrile (20 cm^) was 
added to chromium(II) acetylacetonate (0.16 g, 0.65 mmol). The mixture was stirred well 
and gentle warming was necessary to dissolve the Cr(acac)2 . A pale brown solution was 
formed which gradually darkened to a deep maroon colour. The contents were refluxed for 
two days, then stood for several weeks, and since no product was evident, was 
concentrated by two-thirds under vacuum and placed in the freezer. After several more 
weeks, there was still no product and so the reaction mixture was discarded.
Using Cr(acac)2 and o-phenylenediamine in absolute ethanol with DMP
A 3:1 mixture (50 cm3) of absolute ethanol and 2,2-dimethoxypropane (to remove 
any water) was deoxygenated, and Cr(acac)2 (0.32 g, 1.28 mmol) added against a stream 
of nitrogen. The red-brown solution was heated until the solid was in solution, then OPD 
(0.28 g, 2.56 mmol) in absolute ethanol (20 cm3) was added. The deep red-brown 
mixture was refluxed for two days. Again, no product was formed.
Using [Cr(OPD)2(NCS)2] and acetylacetone
Diisothiocyanatobis(o-phenylenediamine)chromium(II) (0.10 g, 0.26 mmol) was 
added to an excess of acetylacetone (6  cm^) in absolute ethanol (20 cm^). Initially an 
orange solution formed, but this became deep maroon on prolonged stirring. The reaction 
mixture was placed in the freezer for several days. No product was formed.
Using [Cr(OPD)2h]d5EtOH and acetylacetone
The addition of [Cr(OPD)2l2l • 1.5EtOH (1.42 g, 2.40 mmol) to acetylacetone 
(0.48 g, 4.80 mmol) in absolute ethanol produced a red-brown solution. After refluxing 
for 16 hours the maroon solution was cooled and placed in the freezer. After 4 days no 
product was observed.
Using [Cr(OPD)6]Cl2 and acetylacetone
When [Cr(OPD)6]Cl2  (0.23 g, 0.30 mmol) was added under nitrogen to a solution 
of acetylacetone (0.06 g, 0.60 mmol) in acetonitrile (50 cm^) a sandy brown solution and 
suspension formed. The mixture was stirred until all the solid dissolved and the solution 
became a deep burgundy colour. The solution was allowed to cool and then placed at - 
20°C overnight. The deep purple-black crystals obtained (which were not air-sensitive), 
were filtered off, dried and recrystallized from CHCl3 /hexane. The analysis was 
consistent with that for 2,4-dimethyl-l//-l,5-benzodiazepinium chloride (see Section 5.5, 
XLV).
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Analysis for C11H13CIN2 .O.25H2O Calculated: C, 62.0; H, 6.4; N, 13.1 %
Found: C, 62.0; H, 6.5; N, 13.2 %
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5.4 Discussion
The template synthesis employed by Goedken and co-workers7 8 for the
preparation of Nitmtaa involves refluxing nickel acetate tetrahydrate, o-phenylenediamine 
and acetylacetone in anhydrous methanol for 48 hours under nitrogen. A pale green
reagents, which becomes a deep-purple colour just before the mixture comes to reflux. 
The purple colour has been identified as due to the 2,4-dim ethyl-1 //-1 ,5 -  
benzodiazepinium cation (XLV), isolated as the tetrafluoroborate salt. During the first 
hour under reflux, the purple colour gradually turns to an intense blue-green due to the 
cation (XLVI) which has been isolated as the BF4 I" salt. The long period of reflux is 
necessary for the rate-limiting ring closure step to occur.
The corresponding reaction mixture using chromium(II) acetate did not result in the 
formation of Crtmtaa. When the anhydrous acetate was used the reaction only served to 
recrystallize it with one molecule of methanol; the hydrated acetate gave no product. The 
failure to react implies that dinuclear chromium(II) acetate did not dissociate into 
monomeric Cr2+ species, rendering condensation around the metal impossible. To 
encourage the dissociation of the Cr-Cr quadruple bond, dimethylformamide, a solvent of 
higher boiling point than methanol was used, however, even this did not result in any 
product. Consequently, the reaction was repeated with a simple chromium(II) salt but this 
was no more successful since refluxing hydrated CrCl2 .4 H2 0  and OPD with acetylacetone 
in DMF for several hours gave a blue-green solution from which no product could be 
isolated.
Since it had become apparent that Crtmtaa could not be synthesized by the 
combination of the components, attempts were diverted to a condensation using a 
chromium complex containing one of the moieties required for condensation.
solution of an o-phenylenediamine complex of nickel forms initially on mixing the
1+
XLV XL VI
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First, Cr(acac)2  was used. This contains the acetylacetone component in a suitable 
conformation for condensation with o-phenylenediamine, but refluxing Cr(acac)2  and 
OPD in both acetonitrile and absolute ethanol/2,2-dimethoxypropane was unsuccessful.
+ 4H20
Secondly, three of the Cr(H)-OPD complexes prepared in Chapter 3 were used. 
The template synthesis of Nitmtaa procedes via a pale green OPD complex of nickel. 
Hence, it seemed feasible that a Cr(II)-OPD complex might condense with acetylacetone in 
the reverse manner to that shown above. The reaction between Cr(OPD)2 (NCS)2  and 
acetylacetone resulted in a deep maroon solution from which no product could be isolated. 
The X-ray crystal structure determination had revealed the Cr-OPD complex to contain two 
trans monodentate diamines, which would not be expected to react in the desired manner. 
For an in situ template reaction to take place the OPD must be bidentate.
The only complex prepared which contained solely bidentate diamine was 
[Cr(OPD)2l2]-1.5EtOH. Its reaction with acetylacetone, too, yielded no product.
The ’hexakis OPD' complex, [Cr(OPD)6]Cl2 , which is correctly formulated 
[Cr(0 PD)4]Cl2-2 0 PD, did give deep purple, air-stable but hygroscopic crystals on 
reaction with acetylacetone in acetonitrile. It was first thought that this might be the desired 
Crtmtaa, but the analysis revealed this not to be the case. In fact, atomic absorption
Me, Me
+ 4H20
Me ^  Me
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measurements showed that there was no chromium present. The infrared spectrum did not 
show any -C=0 bands at ca. 1700 cm-1 implying that condensation between the diketone 
and diamine had taken place. The simplest product of the reaction would be XL VII as 
shown in Scheme 7.
A proton NMR spectrum in CDCI3 consisted of singlets at 1.77 ppm (CH3) and at 
3.60 ppm (vinyl CH), multiplets at 6.90 and 7.10 ppm (aromatic H) and a broader singlet 
at 10.37 ppm (NH). The intensities were in the ratios 6 :1:4:2 respectively. These correlate 
well with structure XLVII, except that the NMR spectrum suggests two NH protons. 
This is understandable if the product was the hydrochloride of XLVII. The presence of 
chloride ions was bome out by the precipitation of silver chloride on addition of AgNC>3 to 
an HNO3 acidified solution of the product. The formulation of XLVII as a salt accounts 
for its good solubility in polar solvents such as water, ethanol and methanol, and its poor 
solubility in non-polar solvents such as CHCI3, toluene and heptane. Hence, the puiple- 
black crystals obtained from the reaction of [Cr(OPD)6]Cl2 and acetylacetone are 2,4- 
d im ethyl-li/-l,5 -benzodiazepin ium  chloride (X LV ). In the absence of mass 
spectrophotometric facilities, an X-ray crystal determination was performed. This 
confirmed the strcture.
The compound was originally prepared as the dihydrate161 in aqueous organic 
conditions; the analysis of the product from the synthesis reported here gives only 0.25 
moles of water. Speakman and Wilson162 were interested in what structural features 
resulted in the free base being colourless but the hydrohalides virtually black. The crystal 
structure shows a stacked arrangement of cations, separated by a distance of 3.45 A, 
which they believed contributed to the colour, since the distance between molecules in
Me
XL V II
Me
keto-enol tautomers
Scheme 7
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charge-transfer compounds is 3.4-3.5 A.163 The structure is additionally stabilized by 
hydrogen bonds involving the Cl' ion, the two nitrogen atoms and the water molecules.
The present method of synthesis of benzodiazepinium chloride relies upon the 
presence of chromium ions. The same product was obtained if CrCl3 was substituted for 
the [Cr(OPD)6]Cl2 and anhydrous conditions were not observed. When acetylacetone, o- 
phenylenediamine and acetonitrile were heated together, no product resulted. However, 
immediately the chromium salt was added a burgundy solution was formed, which 
furnished purple-black crystals on cooling. Whether this phenomenon is in fact an 
example of template synthesis, the chromium being ejected allowing the mini ring-closure 
to go to completion, or whether an example of metal catalysis, is uncertain.
The failure to obtain Crtmtaa via template methods was initially thought to be just 
coincidental with using tmtaaH2- Mandon et al. 43 had reported that Motmtaa existed as a 
dimer with the large molybdenum ion situated out of the N4 plane. This seemed feasible 
for chromium also, and if this were the case then it would not be surprising that 
condensation had not occurred. However, a literature search revealed that there are no 
reported examples of Cr2+ template syntheses. Consequently, the size of the chromium(II) 
ion (0.89 A ionic radius: see Table 6.2) in comparison to the macrocyclic ligand cavity 
(1.90 A) must bear some relevance to these unsuccessful attempts, but it can not be the 
only factor. The lack of literature may be due to the fact that Cr(II) is so very air-sensitive 
and therefore not as popular as other more easily handled transition metal complexes such 
as those of nickel and copper. Ironically, reports of Cr3+ acting as a template are almost as 
scarce as those for Cr2+. Clearly there is much scope for future work in the area of 
template reactions involving chromium(II).
5.5 Conclusion
Template reactions on chromium(II) to synthesize Crtmtaa were unsuccessful. 
During the course of these reactions a novel method for the preparation of the 2,4- 
dimethyl-l//-l,5-benzodiazepinium chloride was realized using the [Cr(OPD)6]Cl2  from 
Chapter 3 and acetylacetone in acetonitrile.
Efforts were switched to prepare Crtmtaa by insertion of the chromium metal 
directly into the ligand by several different methods.
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Chapter Six
6.1 Introduction
In comparison to other first row transition metals, there are comparatively few 
macrocyclic complexes of chromium(II). These can be broadly divided into complexes 
of the following macrocycles:
(i) Phthalocyanines
(ii) Porphyrins
(iii) Cyclam and related ligands
(iv) Miscellaneous e. g. 1,4,8,1 l-tetrakis(2-aminoethyl)-1,4,8,11- 
tetraazacyclotetradecane (taec).
6.1.1 Chromium(II) Phthalocyanine
The chromium(II) complex CrPc (I) can be prepared by either of the routes 
shown in Scheme 1.164-167
+ CrCOAc)3 ^  270pC
+ Cr(CO)6 225°C in
1 -chloronaphthalene,
under N2
Scheme 1
While the Cr(CO)6 method conveniently gives the p-polymorph of CrPc in 40 
% yield, this can be converted to the air stable a-CrPc by sublimation at 300-350°C.165 
The chromium(III) acetate method gives both CrPc and an oxidized species which was 
long thought to be the chromium(III) complex, CrPc (OH) .164’167 This has now been 
shown to be the di-|i-oxochromium(IV) dimer, II. It arises from the air sensitive P- 
polymorph picking up O2 under anhydrous conditions (0.5 O2 per chromium) . ! 65
The magnetic moment of the high spin CrPc (3.49 BM at 298 K) falls sharply 
with decreasing temperature (0 = 306°) to below the spin-only value for a low spin 
complex. 164 This behaviour has been attributed to antiferromagnetic interactions in 
stacks of planar molecules.
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6.1.2 Chromium(II) Porphyrins
The meso-tetraphenylporphyrinate, Cr(TPP), first reported as a tetrahydrate168 with 
p,eff = 4.90 BM, was prepared by metal insertion into H2TPP (HI) with Cr(CO)6  in n- 
butyl ether.
Ph
NH N =
PhPh
HN-
Ph
I II
The reaction was carried out under nitrogen containing small quantities of air, the 
need for which was not explained. Consequently the formulation is in doubt because the 
samples of Cr(TPP) obtained from other reaction procedures have different visible 
spectra.169 It can be reliably prepared by reduction of CrCl(TPP) with NaBHL* in EtOH and 
CHCI3 ,170 activated zinc in a THF, pyridine and water mixture, 169 or [Cr(acac)2 ] in 
toluene or THF. 171 This last method is of general application to Mm Cl(porphyrin) 
complexes. [Cr(acac)2] is a powerful one-electron reducing agent which has the added 
advantage of being soluble in toluene. On reaction with the CrCl(TPP) it is oxidized to the 
soluble Cr3+ species, [CrCl(acac)2], which firmly binds the chloride. The final product is 
Cr(TPP).2toluene. The octaethylporphyrinate, Cr(OEP) (TV) is similarily prepared.
Et Et
Cr(TPP).2toluene is high spin having a magnetic moment of 4.9 BM. A crystal 
structure determination9 shows that the Cr atom is four-coordinate, each toluene interacting 
very weakly with the metal and a pyrrole ring. The planar Cr(II) porphyrin will add two 
molecules of bases such as pyridine axially to form Cr(TPP)(py)2 .toluene. This has a 
magnetic moment of 2.93 BM which is independent of temperature. This lowering of the 
effective magnetic moment due to spin-pairing, has little effect on the average Cr- 
N(porphyrin) distances. In Cr(TPP).2toluene it is 2.033 A, but in Cr(TPP)(py)2 .toluene, 
2.027 A.
Me
Me.
NH
HN-
Me Me
y
The chromium(II) complex of mesoporphyrin IX dimethyl ester (V) can be 
prepared by metal insertion with an excess of chromium hexacarbonyl in decalin or n- 
decane under a nitrogen atmosphere. 172 After removal of the solvent and extraction with 
toluene, violet Cr(MPDME) is crystallized by the addition of /i-pentane. Its magnetic 
moment is 2.84 BM in the solid and 5.19 BM in CHCI3 . This implies that there are axial 
interactions in the solid state which are removed on dissolution.
6.1.3 Chromium(II) Complexes o f Cyclam and Related Ligands
The chromium(II) complex of 1,4,8,12-tetraazacyclopentadecane, [15]aneN4 (VI), 
has been prepared in aqueous solution and used as an intermediate in the production of 
chromium(in) complexes.
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y NH HN -
V—M M  M M — /■NH HN-
[15]aneN4
VI
The reaction of chromium(II) with cyclam, 1,4,8,11-tetraazacyclotetradecane 
[14]aneN4 (VII) results in oxidation to Cr3+ derivatives.
.NH H N ^  
^ N H  H N ^
U
[14]aneN4 (cyclam)
V II
However, Cr(II) complexes of the following have been synthesized by the routes 
shown in Scheme 2:
1,4,8,1 l-tetramethyl-1,4,8,11-tetraazacyclotetradecane, Me4cyclam, 173 VIII
meso-5,12-dimethyl-1,4,8 ,11-tetraazacyclotetradecane, Me2[14]aneN4,174 IX
meso-5,7,7,12,14,14-hexamethyl-l,'4,8,11-tetraazacyclotetradecane, Me6[14]aneN4,174
X.
NMe MeN^ .NH HN—  .NH HN.
NMe MeN ^ N H  H N ^  ^ N H  H N ^
H Me
Me4cyclam Me2[14]aneN4 Me6[14]aneN4
V III IX X
190
[CrXL]BPh4 
X = Br, I, NCS
[Cr(solv)L] (BPh4)2 solv
solv = DMF, MeCN NaBPMEtOH 
L = Me4cyclam ca^c\2
[Cri2L]
NaBIVEtOH 
L/CH2C12
[CrBr2L']
L', then Bu20
EtOH,L 
NaBPhVEtOH
[CrIL]BPh4 (impure)
CH^j/EtOH
[CrClL]BPh4.0.5CH2Cl2
Scheme 2
[CrX2L']
L’ = Me6[14]aneN4; X=C1, 
blue products at 0-5°C 
purple products > 5°C 
L* = Me2[14]aneN4; X = Cl 
purple products
In view of the fact that [Cr[15]aneN4]2+ complex (VI) reacts with organic halides 
to form Crm-C sigma bonds, it would seem inappropriate to use CH2CI2 as solvent for any 
of the cyclam-type complexes. However, all the products have magnetic moments 
consistent with high-spin chromium(II). The complexes [CrX2(Me4cyclam)] where X = Br 
or I are non-electrolytes in CH2CI2 and have similar solution and reflectance spectra which 
are atypical of trans-CxX^N^ species. Hence, it would appear that the Me4cyclam in these 
complexes is in a folded cis configuration. I73 The following cations have been assigned 
distorted trigonal bipyramidal structures: [CrX(Me4cyclam)]BPh4 where X = Br,I or NCS; 
these, square pyramidal structures: [Cr(solv)(Me4cyclam)](BPh4)2  where solv = MeCN or 
DMF. There is no crystallographic evidence so far to positively confirm these structures. 173
Since the solution spectra o f [CrBr(M e4 cy  c l a m ) ]  B P h 4 and 
[Cr(DMF)(Me4cyclam)](BPh4)2  in DMF closely resemble the spectra of the above BPI14 
salts, it is believed that five-coordinate cations [CrBr(Me4 c y c la m )]+ and 
[Cr(DMF)(Me4cyclam)]2+ must be formed. 173
The complexes [CrBr2(Me2[14]aneN4)], [CrCl2(Me2[14]aneN4)] and puiple 
[CrX2 (M e6 [ ! 4 ]aneN 4 )] (X = Cl, Br, I) are all high-spin with reflectance spectra 
corresponding to normal trans octahedral chromium(II) .174 However the blue forms of 
[CrX2(Me6[14]aneN4)] (X = Cl, Br, I) are high-spin, but they have a different spectral
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pattern. It has not yet been established whether they contain the folded macrocyclic ligand 
in cis octahedral or distorted trigonal bipyramid cations.174
6.1.4 Miscellaneous Chromium(II) Macrocycles
Although phthalocyanine, porphyrin and cyclam complexes account for most of the 
macrocyclic chemistry of chromium(II), another type of complex has recently been 
synthesized175 using an octadentate ligand. This macrocycle, (l,4 ,8,ll-tetrakis(2- 
aminoethyl)-1,4,8 ,11-tetraazacyclotetradecane, (XI, taec), is based on cyclam and has 
pendant amino groups which take part in coordination to the metal ion.
Several dinuclear complexes of Co(II), Cu(II) and Ni(II) have been 
synthesized, 176-181 and during the course of these preparations it was observed that the 
Co(II)-taec compounds were extremely resistant to oxidation, even by reagents such as 
hydrogen peroxide.
It was believed that oxidation of Co(II) to Co(III) would be unfavourable in 
complexes of taec, since the six-coordination favoured by Co(III) would be difficult to 
realize due to the steric constraints of the macrocycle in both type I (XII) and type II 
(XIII) coordination modes.
In view of the possibility that the taec might actually prevent oxidation on the 
grounds of steric factors, the synthesis of Cr(II)-taec compounds was undertaken, since 
Cr(III) also favours octahedral coordination.
X I
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Xxn
Type 1
XIII
Type II
The chromium(II) complexes Cr2 (taec)X4 where X = Cl or Br were successfully 
synthesized. The diffuse reflectance spectrum of each showed a broad band centred at 17 
390 cm-1 characteristic of the in high-spin planar CrN4 complexes.
The magnetic moments show both to be high-spin:
Cr2(taec)Br4 P297 = 4.53 BM p.85 = 4.53 BM
Cr2(taec)Cl4  |i297 == 4.70 BM }i85 = 4.63 BM
The complexes were stable in dry air, but oxidized on exposure to moist air within 
minutes. Other air-stable chromium(II) compounds are known, the stability being due to the 
Cr-Cr quadruple bond3 7 *1 8 2 ' 185 in e. g. Cr2 (h m p )4  (Hhmp = 2-hydroxy-6- 
methylpyridine), and to hydrogen bonding within the lattice in [Cr2 (gly)4X2]X2 .183-185 
However, the stability of the Cr(II)taec complexes can not be attributed to either of these, as 
the compounds are essentially diamagnetic, and there are unlikely to be hydrogen bonds 
stronger than those in Cr(en)2l2- Consequently, the stability was attributed to the steric 
effect of the taec ligand.
Whether the Cr(II)-macrocycle is of type I or type II could not be determined 
crystallographically through lack of suitable crystals. However, the infrared spectrum of 
Cr2(taec)CU resembles that of the type I complex Cu2(taec)(C104)4  and differs from that of 
the type II compound Cu2(taec)Br(C1 0 4)3, so it is believed that Cr2(taec)Cl4  has the type I 
structure.
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6.2 Experimental
6.2.1 Preparation of Tetraazaf14]annulene Ligands
Preparation o f  7,16-Dihydro-5,7f12,14-tetram ethyl-2,3:9,10-dibenzo-l,4,8,11- 
tetraazacyclotetradecane-4,6,ll,13-tetraene, tmtaaH2
This was prepared according to the literature46*78*186 by demetallation of Nitmtaa.
Nickel(H) acetate tetrahydrate (50.0 g, 0.201 mol), o-phenylenediamine (43.47 g, 
0.402 mol) and acetylacetone (40.23 g, 0.402 mol) were added to anhydrous methanol 
(500 cm3). A pale green colour formed almost immediately. As the mixture was brought to 
reflux, a deep purple colour developed, but within the first hour of refluxing this became an 
intense blue-green. After refluxing for 48 hours under nitrogen, the solution was cooled 
and the dark violet Nitmtaa was filtered off, washed with methanol until the washings were 
almost colourless, and air dried.
Anhydrous HC1 gas was bubbled at a moderate rate through a constantly stirred 
suspension of Nitmtaa (15.0 g, 0.037 mol) in absolute ethanol (500 cm3) until the solution 
became strongly acidic and a copious precipitate of the bright blue-green 
tetrachloronickelate(II) salt of the ligand [C22H26N4][NiCl4 ] was observed. During the 
passage of HC1 the solution became hot and the colour changed from blue-green to green to 
brownish purple (this last colour is due to the formation of a small amount of a 
benzodiazepinium salt). No attempt was made to cool the solution since this would have 
inhibited the metal stripping process. After the solution had cooled, it was placed in the 
refrigerator for one hour. The product was filtered off, washed with a minimum of 
methanol and air dried.
The tetrachloronickelate(II) (10.0 g, 0.018 mol) was dissolved in water (100 cm3), 
and excess ammonium hexafluorophosphate (9.0 g, 0.055 mol) in water (8 cm3) was 
added slowly. A colourless precipitate of the hexafluorophosphate salt [C22H26N4][PF6]2 
formed immediately. This was filtered off, washed with water, and air dried.
The free ligand C22H 2 4N 4 was obtained by neutralizing a suspension of 
[C22H 26N4 ] [PF6 ]2  (1 0 .0  g, 0.016 g) in anhydrous methanol with a slight excess of 
triethylamine (5.0 cm3, 0.036 mol). The bright yellow product immediately crystallized. It 
was filtered, washed with methanol and air dried. Sometimes, a greenish tinge was 
apparent, indicating that there was some nickel still present in the macrocycle. In this case, 
the process of acidification with anhydrous HC1 and so forth had to be repeated.
Analysis for C22H24N4 : Calculated: C, 76.7; H, 7.0; N, 16.3 %
Found: C, 76.1; H, 6.9; N, 16.0 %
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The melting point of the compound is 243°C.
Preparation o f  6,13-Diphenyl-5,7,12,14-tetrahydro-2,3:9,10-dibenzo-l ,4,8,11- 
teraazacyclotetradecane-4,6,ll,13-tetraene, dptaaH2
A solution of a-phenyl- p-dimethylaminoacraldehyde (9.0 g, 0.05 mol)I87*188 and 
o-phenylenediamine (5.55 g, 0.05 mol) was refluxed in dimethylformamide (100 cm3) for 
5 hours. The chocolate brown needles which separated were filtered, washed with 
methanol and dried in vacuo at 50°G.
Analysis for C30H24N4 : Calculated: C, 81.8; H, 5.5; N, 12.7 %
Found: C, 81.1; H, 5.7; N, 12.8 %
The melting point of the compound is 310°C.
6.2.2 Preparation ofTetraaza[14]annulene Complexes
Attempted Preparation o f Crtmtaa Using tmtaaH2 and [Cr(OPD)2(NCS)2]
TmtaaH2 , 0.0268 g, 0.078 mmol) in acetonitrile (20 cm3) was added to a lilac 
solution of [Cr(OPD)2 (NCS)2 ] (0.03 g, 0.078 mmol) in acetonitrile (2 0  cm3). On 
mixing a burgundy solution was immediately observed, from which no product was 
obtained even after several days in the freezer.
Attempted Preparation o f Crtmtaa Using tmtaaH2 [Cr(OPD)2(NCS)2l and 
Triethylamine
The attempt followed the method of Goedken for the synthesis of 
Fetmtaa.55’! 89
Diisothiocyanatobis(o-phenylenediamine)chromium(II) (0.13 g, 0.34 mmol) in 
acetonitrile (2 0  cm3) was added to a warm solution of tmtaaH2  (0.90 g, 0.26 mmol) in 
an excess of triethylamine (1 cm3). Precipitation of a deep red-purple solid from a red- 
brown solution rapidly commenced. The product was filtered off under reduced 
pressure, washed with acetonitrile and dried in vacuo. Analysis showed that the desired 
product had not been obtained.
Analysis for C2 2 H2 2 CrN4 : Calculated: C, 67.0; H, 5.6; N, 14.2 % 
Found: C, 68.5; H, 9.6; N, 4.3 %
Attempted Preparation o f Crtmtaa Using tmtaaH2 and Cr(CO)<$
Hexacarbonylchromium(O) (0.14 g, 0.64 mmol) and tmtaaH2 (0.53 g, 1.55 mmol) 
were stirred in anhydrous toluene (100 cm3) at 110°C for 4 hours. After cooling overnight, 
an oily orange-brown residue containing a red-brown crystalline material remained. 
Unfortunately, the crystals could not be separated.
Preparation o f Bis[7,16-dihydro-5,7,12,14-tetramethyl-2,3:9,10-dibenzo-l,4,8,ll- 
tetraazacyclotetradecinato (2-) chromium(II)], (Crtmtaa)2
The free ligand , tmtaaH2 (2.24 g, 6.49 mmol), was dissolved in freshly distilled, 
anhydrous THF (100 cm3) in the apparatus described in Section 2.3.4. At -40°C 
butyllithium (5.20 cm3, 13 mmol) was added to the vigorously stirred solution via a rubber 
septum using an airtight syringe. The deep blood red mixture was allowed to warm to room 
temperature. Anhydrous chromium(II) acetate (1.10 g, 6.49 mmol) was added to the 
Li2tmtaa at -40°C, and when addition was complete the reaction was allowed to come to 
room temperature. After stirring overnight, the THF was removed using the concentration 
apparatus shown in Figure 2.17, and the dark red-brown residue extracted with hot 
anhydrous toluene. The slurry was filtered while hot and the filtrate placed in the freezer 
overnight. The copious, microcrystalline maroon solid which separated was filtered off 
under reduced pressure and dried in vacuo for several hours. The product was 
recrystallized from hot anhydrous toluene, yielding brick-red prisms and needles.
Analysis for C22H22O N 4 : Calculated: C, 67.0; H, 5.6; N, 14.2 %
Analysis for C22H22CrN4 .0 .5 toluene: Calculated: C, 69.5; H, 6.0; N, 12.7 %
Found: C, 69.5; H, 6.3; N, 12.6 %
I
Preparation o f  6,13-Diphenyl-5 ,7 ,12,14-tetrahydro-2,3:9 ,10-dibenzo-l,4,8,11 - 
teraazacyclotetradecinato(2-)cobalt(II), Codptaa
The cobalt complex was prepared by two different methods:
(a) Template Method
o-Phenylenediamine (1.08 g, 0.01 mol) and cobalt acetate tetrahydrate (1.24 g,
0.005 mol) were heated (40 cm3) at 120°C in dimethylformamide for 4 hours. a-Phenyl-p- 
dimethylaminoacraldehyde (1.75 g, 0.01 mol) 187*188 was added and the mixture was 
refluxed for a further 3 hours. The mixture was then cooled in ice and the dark purple solid 
which separated was filtered off, washed with methanol and air dried. It was dried further 
at 50°C under vacuum. The compound was recrystallized from dimethylformamide.
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Analysis for C30H24C0N4: Calculated: C, 72.4; H, 4.6; N, 11.3 %
Found: C, 71.7; H, 4.6; N, 11.3 %
(b) Metal Insertion
The free ligand, dptaaH2 (0.39 g, 0.8 mmol), was refluxed in dimethylformamide 
(4 cm3) with cobalt(II) acetate tetrahydrate (0.23 g, 0.9 mmol) for 5 hours. After cooling in 
ice, the dark purple solid was filtered off, washed with methanol and dried as before.
A band at 1630 cm“l in the product disappeared after recrystallization from DMF.
Preparation o f  6,13-Diphenyl-5,7,12,14-tetrahydro-2,3 :9,10-dibenzo-l ,4,8,11- 
teraazacyclotetradecinato(2-)chromium(II), Crdptaa
Anhydrous chromium(II) acetate (0.41 g, 2.38 mmol) was added to a solution of 
Li2dptaa (2.38 mmol, prepared as above) in THF at -40°C. After warming to room 
temperature and stirring overnight, the purple-black mixture was concentrated to dryness 
and the residue extracted with hot anhydrous toluene (2 0 0  cm3) to remove the lithium 
acetate. The dark purple-black powder which remained was filtered off and dried under 
vacuum. It could not be recrystallized from either dimethylformamide or toluene.
Preparation o f Lithium[dimethyl-6,13-diphenyl-5,7,12,14-tetrahydro-2,3:9,10-dibenzo- 
l,4,8,ll-teraazacyclotetradecinato(2-)chromium(II)],Li2[Me2Crdptaa]
The organometallic [Li2Cr(CH3)4(THF)2]2  complex (0.42 g, 0.78 mmol, Section 
2.4.6) was dissolved in freshly distilled anhydrous toluene (50 cm3) using the apparatus 
shown in Figure 2.16. At room temperature dptaaH2 (0.68 g, 1.54 mmol) was added. 
Evolution of methane immediately began and the solution rapidly darkened from golden 
yellow to purple-red. The mixture was warmed gently until no more bubbles of methane 
were observed and then filtered. The dark purple-black powder obtained was dried under 
vacuum. It could not be recrystallized.
Analysis for C30H24C0 N4 : Calculated: C, 72.4; H, 4.6; N, 11.3 %
Found: C, 72.0; H, 4.5; N, 11.2 %
Analysis for C3oH22CrN4 :
Analysis for C3oH22CrN4 .1.5 toluene
Calculated: C, 73.5; H, 4.5; N, 11.4 %
Calculated: C, 77.4; H, 5.5; N, 8.9 %
Found: C, 76.3; H, 6.1; N, 8 .6  %
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Analysis for C3oH22CtN4 : Calculated: C, 73.5; H, 4.5; N, 11.4 %
Analysis for C3oH22CrN4 .2 LiCH3: Calculated: C, 71.9; H, 5.3; N, 10.5 %
Found: C, 71.7; H, 5.1; N, 10.4 %
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6.3 Results and Discussion
6.3.1 Tetramethyltetraazaannuluene, tm taafy
6.3.1.1 Isolation o f the Free Ligand
The principles of demetallation have already been introduced in Chapter 5 (Section 
5.2.2.5). This constitutes a practical example whereby the metal is stripped from Nitmtaa to 
give the free ligand, tmtaaH2.
Three steps are required to produce the ligand in pure form. The first involves the 
isolation of the acid salt of the ligand as the tetrachloronickelate(II) salt.
C2H5OH
Ni(C22H22N4) + 4HC1 -------   [C22H26N4][NiCl4]
The second step involves the conversion of this salt to one not containing nickel.
This step is necessary to avoid the reinsertion of the nickel (II) in the neutralization (final) 
step. Simple neutralization of the tetrachloronickelate(II) salt would only result in the 
reinsertion of nickel(II) into the macrocycle.
[C22H26N4][NiCl4] + 2NH4 [PF6] --------------------(C22H26N4)[PF6]2 + 2NH4C1 + NiCl2
The final step involves the neutralization of the acid salt
(C22H26N4)[PF6]2 + 2N(C2H5)3 CH3° H ■ C22H22N4 + 2HN(C2H5)3 [PF6]
As mentioned earlier (Experimental, Section 6.2), the final product often has a 
greenish tinge, indicating that the stripping was incomplete. In order to obtain the pure, 
yellow crystalline solid, the above three steps are repeated as many times as required.
6.3.12 Characterization o f tmtaaH2
Tetramethyltetraazaannulene, tmtaaH2 (XIV), is air stable and can be stored 
indefinitely. It is soluble in nonpolar solvents e. g. benzene, toluene and halohydrocarbons, 
but slightly soluble in acetonitrile. It is insoluble in primary alcohols and water.
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The NMR spectrum in CDCI3 consists of a simple four-line spectrum: 2.14 (12H), 
4.85 (2H), 6.97 (8H), 12.58 (broad, 2N-H) ppm.The UV-visible spectrum (Figure 6.1) 
contains absorbances at 346 (^max, £ = 38 560), 271 and 256 nm. These values all 
correlate well with those published in the literature78. The infrared spectrum, for which 
there is no published data, has the following peaks: 3400 vbr, 1660 w,sh, 1650 w,sh, 
1640 w,sh, 1630 w,sh, 1625 w,sh, 1615 s, 1585 m, 1565 w, 1550 m, 1510 s,br, 1370 s, 
1295 m, 1275 m, 1195 w, 1185 m, 1165 m, 1100 m, 1055 w, 1045 w, 1030 m, 1020 m, 
1000 w, 940 w, 930 w, 860 w,br, 825 m, 805 m, 790 w, 775 w,sh, 765 w,sh, 760 m,sh, 
755 m,sh, 750 s, 740 s, 695 w.
6.3.1.3 Structure o f tmtaaH2
The free ligand has been shown by an X-ray crystal structure determination to be 
saddle-shaped (Figure 6.2) .55»78 The marked non-planarity arises due to steric interactions 
between the methyl groups and benzene rings, the distortions occurring by twisting about 
the C-N bonds in the five- and six-membered chelate rings.
Figure 6.2: Side View of tmtaaH2 Showing its Saddle-Shape
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Figure 6.1: UV-Visible Solution Spectrum of tmtaaH2
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The macrocycle has the conjugated imine-enamine double bond arrangement shown 
in XV and XVI.
Me^ y Me
IN IN ^  IN IN
Me ^  Me Me ^  Me
XV XVI
Hydrogen bonds bridge the nitrogen atoms of the 2,4-pentanediiminato chelate 
rings. The hydrogen bond distances for H(2)-N(l) and H(4)-N(3) (Figure 6.3) are 2.00 
and 2 .0 1  A respectively. These are considerably shorter than the non-bonded N-H 
distances across the OPD rings i. e. H(2)-N(3) and H(4)-N(3) which average 2.43 A. The 
energy barrier of tautomerization to the degenerate form is low, since it merely involves 
movement of the protons by 1 A and rearrangement of the double bonds. Both of these 
processes are assisted by normal vibrational motion. The tautomers are not present in a 
50:50 mixture, because the square planar array of the four nitrogens has a slight rhombic 
distortion, and this is believed to result in a lower lattice energy for one of the orientations. 
Apparently, the electron density associated with these amine hydrogens in the difference 
Fourier synthesis shows that the tautomers exist in the ratio 75:25 %. However, which 
tautomer gave the greater contribution was not distinguished. This kind of disorder has also 
been observed in the lattices of free-base poiphyrins and phthalocyanines.190-192
The 2,4-pentanediiminato chelate rings are extensively delocalized. There appears to 
be a shortening of the N(2)-C(3) (1.343 A) and N(4)-C(12) (1.343 A) amine 'single' 
bonds compared to the C-N 'single' bonds in the OPD moieties (1.404 A average). This is 
counteracted by a lengthening in the C=N 'double' bonds of N (l)-C (l) (1.317 A) and 
N(3)-C(10) (1.316 A). Although the terms 'single' and 'double' bond are used throughout 
this discussion for puiposes of distinction and comparison, it is realized that the lengths for 
true C-N single and C=N double bonds are approximately 1.42 and 1.34 A respectively. 193 
The extent of delocalization through the 2,4-pentanediiminato linkages approaches that 
observed in the dianionic metal complexes of tmtaa2- e. g. in Fetmtaa the C-N bond length 
averages 1.342 A; the C=N bond length averages 1.341 A. It was as a result of the X-ray 
crystal structure that the delocalization within the 2,4-pentanediiminato moiety was 
confirmed. The refined amine hydrogen atom H(2) lies in the plane defined by C(3)-N(2)- 
C(4). This indicates that N(2) must be sp2 hybridized, since sp3 hybridization would 
require a tetrahedral arrangement and thus necessitate H(2) lying in a different plane.
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Figure 6.3: Labelling Scheme for C22H24N4
Consequently, the unhybridized p  orbital containing two lone pair electrons is perpendicular 
to the bonding plane and therefore extensive delocalization can arise throughout the five 
atom chelate ring.
The square planar array of the four nitrogen atoms has a slight rhombic distortion 
with the diagonally opposed nitrogens N(l)-N(3) and N(2)-N(4) having the respective 
separations of 3.755 and 3.885 A. Thus the nitrogen-to-centre distance, Ct-N, of the 
neutral ligand is approximately 1.902 A. However, the metal-nitrogen distance expected for 
the dianionic form of the ligand, tmtaa2-, is less than this value due to the increased 
conjugation and contraction associated with the loss of two amine protons. It has, in fact, 
been found to be 1.85-1.87 A.194 This ligand has a much smaller core than the ideal metal- 
nitrogen distances in free-base porphyrins (2.04 A) and saturated 14-membered rings e. g. 
cyclam (2.07 A).l95 These latter radii are in the range for unstrained metal-nitrogen 
distances for divalent first-row transition metal complexes. Consequently, the core size of 
1.90 A for C22H24N4 (1 .8 6  A average for C22H22N42-) is considerably less than ideal for 
most of the first transition series.
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6.3.2 Tetramethyltetraazaannulenechromium(II), Crtmtaa
6.3 2.1 Attempted Preparations o f Crtmtaa
Following the unsuccessful attempts to prepare Crtmtaa by template reactions, 
endeavours were undertaken to insert the chromium(II) directly into the preformed 
macrocycle. Precedents for these type of reactions are well documented in transition metal 
chemistry.
Hexacarbonylchromium(II) has been used in the synthesis of the porphyrin 
Cr(MPDME)l72 (Section 6.2) and in reactions with Schiff bases.196 Presumably the active 
protons from the ligand oxidise the Cr(0) to Cr(II) 172 or Cr(ffl)l96 and hydrogen gas is 
evolved. However, metal carbonyl derivatives may also interact with chelating compounds 
containing active protons without a change in their oxidation state. 197 In many cases, the 
CO from the metal carbonyl is not released as CO gas, but instead coordinates to the metal 
ion.19**
Unfortunately, the crystalline product from the reaction of Cr(CO)6  with tmtaaH2 
could not be isolated from the gummy mixture which was also formed.
The iron(II) complex of tmtaaH2 was synthesized by the facile reaction between 
[Fe(OPD)2(NCS)2], the free macrocyclic ligand and triethylamine. It is assumed that the 
triethylamine removes the NH protons to give the dianionic form, tmtaa2-, into which the 
Fe(II) is neatly inserted, leaving OPDH+NCS' in solution. The analogous reaction using 
[Cr(OPD)2(NCS)2] gave a deep purple-red powder whose composition could not be 
determined from the microanalysis. The absorption at 552 nm (18 115 cm-1) in the UV- 
visible spectra of the unoxidized CHCI3 solution (Figure 6.4), but its absence in the 
oxidized solution, showed the unknown product to contain Cr(II).
6.322 Preparation and Characterization of Dimeric (Crtmtaa)2
Owing to the fact that all the methods tried thus far had failed to produce the desired 
Crtmtaa complex, efforts were directed towards using butyllithium to deprotonate the 
ligand. This method has been widely used in the synthesis of both dinuclear199 and 
monomeric chromium(II) complexes.200*201
Addition of butyllithium to the ligand produces its lithium salt, to which anhydrous 
chromium(II) acetate is added. After reaction, the mixture is filtered to remove both lithium 
acetate and any unreacted material, and the Cr(II) complex is obtained by extraction with 
another solvent. The detailed experimental procedure has already been outlined in Section 
2.3.4 and the Experimental Section (6.2) of this Chapter.
The tetramethyltetraazaannulenechromium(II) complex was eventually obtained by 
reaction of butyllithium with the free ligand followed by the addition of anhydrous 
chromium(II) acetate, and extraction with toluene. Microanalysis of the burgundy
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Figure 6.4: UV-Visible Solution Spectra from the Reaction of [Cr(OPD)2(NCS)2], NEt3
and tmtaaH2
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microcrystalline powder isolated from the toluene filtrate initially showed low values for C, 
H and N. Repeated syntheses using the above materials, as well as other starting materials 
and solvents, such as anhydrous CrCl2 , CH2CI2 and diethylether, gave almost identical 
analyses. The low percentages can be accounted for if the lithium acetate/chloride is 
included, indicating that the extraction process is not too efficient One recrystallization of 
the powder afforded both brick-red prisms and needles which analyzed well as 
Crtmtaa.0.5toluene.
Analysis for C22H22CrN4 * Calculated: C, 67.0; H, 5.6; N, 14.2 %
Analysis for C22H22CrN4 .2LiOAc: Calculated: C, 59.3; H, 5.4; N, 10.6 %
Found: C, 58.1; H, 5.0; N, 10.9 %
After recrystallization, C22H22CrN4 .0 .5 toluene Calculated: C, 69.5; H, 6.0; N, 12.7 %
Found: C, 69.5; H, 6.3; N, 12.6 %
The crystalline product is moderately air-sensitive whereas solutions undergo rapid 
aerial oxidation, changing from brick-red to green-brown within seconds. The UV-visible 
solution spectrum (Figure 6.5) in CHCI3 changed dramatically on oxidation, the 
absorbances at 553 (s = 2676) and 351 (A.max, e = 12 000) being removed completely.
The infrared spectrum has the following absorptions:
1580 w,br, 1545 m, 1530 m, 1510 w,sh, 1405 m,sh, 1400 m,sh, 1365 m, 1280 m, 1195 
m, 1155 w, 1110 w, 1060 w,sh, 1030 s, 995 m, 940 w, 920 w, 890 w, 830 w, 745 s, 
730 s, 720 m,sh, 715 w,sh, 670 m,br.
These correlate well with those for the corresponding nickel(II) complex:
1580 w,br, 1550 m,sh, 1540 m,1515 m,sh, 1505 w,sh, 1405 m,sh, 1375 s, 1365 m, 
1355 w,sh, 1270 m, 1205 s, 1200 w,sh, 1190 w,sh, 1155 w, 1045 w, 1030 s, 1020 
m,sh, 1010 m,sh, 1005 w,sh, 830 s,br, 765 m, 755 w,sh, 745 m,sh, 740 s, 735 m,sh, 
720 w,660 w.
The magnetic moments of the uncrystallized and recrystallized samples are 1.02 and 
0.85 BM respectively. These very low results indicate that Crtmtaa must be dimeric, 
containing C r = = C r  bonds. During our investigations, the X-ray crystal structure of 
Crtmtaa was published202 which revealed the complex indeed to be dimeric with two 
toluene molecules per dimer, in contrast to the one reported here which contains only one. 
Their magnetic moment of 0.49 BM is reproducible irrespective of the number of 
recrystallizations or the solvents used. Consequently, it was suggested that the weak 
paramagnetism of the complex is not due to chromic impurities, but to temperature 
independent paramagnetism. I27
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Proton NMR studies performed on the (Crtmtaa)2  from this present work, confirm 
that the complex is truly diamagnetic. The presence of any Cr3+ impurities would broaden 
the signals or cause large shifts upfield of TMS. In fact, the spectrum showed only sharp 
signals and nothing was observed upfield of the TMS singlet. In the C r = =  Cr bond, the 
order of the energies of the molecular orbitals formed by metal d-d overlaps is shown in 
Figure 6 .6 . In a diamagnetic complex the 8  orbital contains two paired electrons (Figure 
6.7). If the energy difference between the 8  and 8 * orbitals is small enough, a proportion of 
the dimers will have an unpaired electron in each of the 8  and 8 * orbitals (Figure 6 .8) and 
this will result in a small overall magnetic moment. Lowering the temperature will decrease 
the proportion with unpaired electrons and the magnetic susceptibility will tend to zero. 
However, if the energy difference between the levels becomes slightly larger, e. g. by 
formation of a stronger quadruple bond, no electrons will be able to occupy the 8 * orbital 
resulting in a theoretical magnetic moment of zero. However, the complex may still show a 
very small magnetic moment due to temperature independent paramagnetism.I27 A 
magnetic susceptibility measurement using the Evans Method (323 K) showed that the 
complex is diamagnetic.
o * ------------------------ ------------------------ ----------------- ------
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Figure 6 .6  Figure 6.7 Figure 6 .8
The proton NMR spectrum recorded in CDCI3 at 300 MHz consisted of only a few 
signals: 7.25 (complex multiplet,aromatic H, toluene and tmtaa), 2.35 (singlet, CH3 , 
toluene), 1.25 (singlet, CH3 , 12H, tmtaa) and 0.75(doublet, vinyl CH, 2H, tmtaa) ppm. If 
these results are compared to those of other metal-tmtaa complexes, it can be seen that the 
Cr-Cr quadruple bond has a large effect on the system:
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8 (ppm) Aromatic Vinyl Methyl
Compound
tmtaaH278 6.98 4.87 2 .1 2
Pttmtaa* 56 6.72 4.71 2.18
Pdtmtaa* 56 6.69 4.63 2.17
Nitmtaa78 6.54 4.67 1.77
(Crtmtaa)2 7.25 0.75 1.25
.toluene
* These were recorded at 60 MHz.
The most noticeable feature is the shift upfield of the vinyl and methyl protons, 
relative to the free ligand. The trend of increased shielding, from the nickel to chromium, 
platinum and palladium complexes, implies that the ability of the metal ion to interact with 
the electron cloud of the delocalized 2,4-pentanediiminato chelate ring must somehow affect 
the proton shifts. The reasons for the change in the chemical shifts are not easily 
rationalized because the system is very complex. The delocalization in the 2,4- 
pentanediiminato chelate ring has already been shown to increase on coordination to a metal 
(see above). The electrons in the Cr-Cr quadruple bond may also contribute to the 
delocalization resulting in the six-membered ring becoming almost aromatic in nature.
In the case of a monosubstituted alkyne, RC^CH, the alkynyl proton is shielded by 
the induced field of the triple bond which opposes the applied field. Consequently, the 
absorption for the alkynyl proton is much further upfield (8  = 3 ppm) than an aryl proton (8  
= 7). An induced magnetic field also arises due to the n electrons circulating in the 
delocalized 2,4-pentanediiminato ring. Hence, the field induced by the quadruple bond, 
together with the field induced by the delocalized ring, must be greater than the inductive 
effect of the Cr = =  Cr bond. The resultant effect must oppose, rather than augment, the 
applied field in relation to the free ligand, hence the methyl and vinylic protons become 
more shielded and their shifts are displaced upfield.
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63.2.3 The Structure o f (Crtmtaah and Transition Metal Complexes oftmtaaH2
The X-ray crystal structure202 revealed the complex not only to be dimeric with a 
Cr-Cr quadruple bond, but also to comprise the two saddle-shaped tmtaa moieties rotated at 
90° relative to each other to minimize non-bonding repulsions. This is analogous to the 
(Motmtaa)2,43 (Rutmtaa)2 and (Rhtmtaa)2 complexes80 which are dimeric, and is unlike the 
complexes of Coltmtaa, Mn(NEt3)tmtaa, Nitmtaa, Fetmtaa, FeCltmtaam, and Pdtmtaa 
which are monomeric. In all these compounds, except Pdtmtaa which has a pseudoplanar 
geometry, the metal is displaced to the same side of the N4 plane to which the benzenoid 
rings are tipped. A few other complexes are known e.g. Cutmtaa and Pttmtaa, but no X-ray 
crystal structures have been determined for these. In the following discussion, only limited 
reference can be made to the dimeric Crtmtaa since the full crystallographic details have not 
yet been published.
As most transition metals have metal-nitrogen distances longer than the ideal 1.SS-
l.S? A for this ligand, some mechanism or mechanisms for relieving ligand strain must 
exist to accommodate these metals. Possibilities for achieving this are:
(1) A slight increase in the interatomic distances of the 14-membered ring
(2) An increase in the various interior and exterior angles of the 14-membered ring
(3) Torsional distortions about the appropriate bonds redirecting the N4 lone pairs
out of the N4 plane.
The last option will displace the metal from the N4 donor plane and increase the M-N 
distances without necessarily altering the N-Ct distance.
The strain resulting from the steric interactions and the coordination to a metal can 
be reduced by the combination of the factors mentioned above. Distortions of bond lengths 
are energetically unfavourable and therefore are likely to be only small. Angle deformations 
and torsional motions are energetically less unfavourable than bond stretchings, so (2 ) and 
(3) are more likely to be observable than (1) which may involve changes in lattice energies.
The total angular increase in the ten interior and four exterior angles as defined in 
Figure 6.9 is an important measure of the degree of expansion of the ring. These are 
calculated either by the addition of all the angles marked with an arc, or by the addition of 
2a, 4p, 4y and 48. For example, Co(IH) has a smaller radius than Mn(II) and the sum of 
the values of the ten interior and four exterior angles for Mn(NEt3)tmtaa is 28.4° larger than 
the corresponding sum in the Coltmtaa. This is sufficient to account for most of the 
observed increase in the N-Ct distance from 1.893 (Co complex) to 1.988 A (Mn 
complex).
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Figure 6.9: Diagrammatic Representation of tmtaa Framework, Showing the Planes and 
Angles Used in Calculation of Torsional Distortions
In contrast, the sum of the angles in the pseudoplanar Pdtmtaa is larger than the 
corresponding sum in tmtaaH2 , Fetmtaa, Coltmtaa and FeCltmtaa by 6.4, 16.8, 26.2 and 
19.4° respectively. Only the sum for Mn(NEt3)tmtaa is larger than that for Pdtmtaa (2.2°), 
bond extensions are unlikely to occur, hence it would appear that the ring expansion factor 
provides most of the additional space required for the palladium ion to fit in the N4 plane.
Dihedral angles have also been shown in Figure 6.9 and a comparison of some of 
them has been presented in Table 6.1. Dihedral angles give an indication of the degree of 
deformation of the macrocyclic ligand which arises principally through twisting about the 
C-N bonds in the five- (planes 5-6) and six-membered (planes 6-7) chelate rings. As can be 
seen from Table 6.1, tmtaa complexes of manganese, iron and cobalt, as well as the free 
ligand, have a very large amount of distortion and it is this which produces the 
characteristic saddle-shape. In the case of the Mn(II) structure the metal ion is much too 
large to fit in the N4 plane and a substantial amount of twisting is necessary within the 
macrocyclic framework to redirect the N4 lone pairs out towards the metal. The torsional 
angles about the C-N bonds of the five-membered chelate rings (planes 5-6) are very large 
(51.3°); those involving the C-N bonds in the six-membered chelate rings (planes 6-7) are 
small (1.6°).
However, as the metal descends into the N4 plane, for example Co(III), whose 
normal Co-N distances are compatible with the N-Ct distance of the macrocyclic ligand,the 
N4 lone pairs must be directed into the plane which results in a decrease in the dihedral 
angles between planes 5 and 6 . Such a decrease, without any other compensating effects, 
would increase the contact between the methyl and benzenoid groups. To prevent this 
additional strain, distortions occur at the next most easily deformed site which is about the 
C-N bonds of the 2,4-pentanediiminato rings i.e. the dihedral angles between planes 6  and 
7. These increase from a small angle of 1.6° for the Mn(II) complex to the larger 12.1° for 
the Co(HI) complex. The flattening of the macrocyclic ring which occurs as the metal ion
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Table 6.1: Summary of Selected Parameters for Several tmtaa Complexes
tmtaaH2 Pdtmtaa Fetmtaa
Coltmtaa. (Crtmtaa)2FeCltmtaa.Mntmtaa. 
CHCI3 0.5toluene CH3CN NEt3
a 127.3 133.9 129.9 130.2 129.6 131.2
P 1 2 0 .1 1 2 2 .1 1 2 1 .6 121.4 121.5 123.1
Y 127.4 125.3 125.3 123.8 125.0 126.3
5 117.3 115.7 114.0 113.2 113.9 115.6
1-2 34.3 14.7 24.5 21.3 32.9 35.2
1-3 2 0 .1 1.4 17.5 16.2 16.3 12.4
1-4 24.6 13.0 23.7 21.7 2 1 .8 20.5
5-6 45.6 25.0 31.5 28.5 43.5 51.3
6-7 3.6 5.2 9.27 12 .1 3.2 1 .6
d 3.098 2.925 3.016 2.949 3.054 3.126
Av. M-N - 1.996 1.918 1.901 1.999 2 .0 0 2 2.118
Distance of 
M from N4  
donor plane
0.1 (H's) 0 .0 0 0 0.114 0.234 0.500 0.600 0.730
N-Ct 1.902 1.996 1.893 1.910 1.988
Av. C-N, 
six-membered 
chelate ring
1.330 1.341 1.342 1.344 1.331 1.327
Av. C-C, 
six-membered 
chelate ring
1.387 1.393 1.391 1.382 1.404 1.406
Av. C-N, 
five-membered 
chelate ring
1.404 1.404 1.418 1.411 1.422 1.403
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descends into the N4 plane is observed by comparing the closest methyl-benzene contacts, 
d. The average value decreases from 3.126 A for the Mn(II) complex to 3.049 A for 
Fetmtaa and 2.949 A for the Co(III) complex.
In contrast, Pdtmtaa has only about half the distortion of the other tmtaa complexes. 
The dihedral angles between planes 1 and 3 (1.4°) and between planes 1 and 4 (13.0°) give 
an indication of the degree of deformation from planarity of the ophenylenediam ine 
moiety. The other complexes have much larger dihedral angles for these than Pdtmtaa. 
However, the dihedral angle between planes 6  and 7 is larger for Pdtmtaa than for the free 
ligand, Mn(NEt3)tmtaa and FeCltmtaa indicating the methyl group is displaced slightly out 
of the ligand plane. In fact, the nonbonding distance, d, is 2.925 A in Pdtmtaa which is 
shorter than that in Coltmtaa. Thus, in Pdtmtaa there is comparatively little warping of the 
macrocyclic ligand. As the Pd sits in the N4 plane this results in the flattening of the ligand, 
and in order to relieve the increased steric strain between the methyl groups and the 
benzenoid rings which this causes, the methyl groups tilt slightly out of the plane of the 
macrocycle.
There are small but important trends in the changes of the average C-N and C-C 
bond lengths within the 2,4-pentanediiminato rings (Table 6.1) which correlate with the 
magnitude of the dihedral angles involving the C-N bonds i.e. between planes 6  and 7. The 
increase in the dihedral angle indicates a greater twisting about the C-N bond which leads to 
a decrease in the overlap of the p-rc orbitals. Consequently, there is a reduction in the 
delocalization of the 2,4-pentanediiminato ring which is manifested as a lengthening in the 
C-N and a shortening in the C-C bond distances.
It has already been mentioned above that the twisting about various bonds gives rise 
to the saddle-shaped appearance of the ligand and its complexes. The effects of these 
distortions can be understood by considering the angles at which the five- and six- 
membered chelate rings intersect with the N4 plane. In all the complexes reported, the 
dihedral angle between the N4 donor plane (plane 1) and the 2,4-pentanediiminato rings 
(plane 2) is larger than the dihedral angle between the OPD rings (plane 3) and the N4 
plane. The unique flexing of the two types of chelate rings results in the lone pairs of the 
nitrogen atoms of tmtaa2- pointing out of the N4 plane towards the side containing the 
benzene rings. Thus to maximize the overlap of ligand and metal orbitals, the metal is 
displaced to one side of the N4 plane, except in the case of Pdtmtaa. It is this which leads to 
the preference for many Mtmtaa compounds to form five-coordinate complexes. Finally, it 
is interesting to note that as the dihedral angle of the N4 plane with plane 2 increases, the 
dihedral angle with plane 3 decreases, paralleling the elevation of the metal from the N4 
plane.
With the above constraints governing the overall conformation of the macrocyclic 
ligand, the factors determining the coordination sphere around the metal ion become more
213
explainable. A comparison of M-N distances in various metallomacrocycles is summarized 
in Table 6.2.
Table 6.2: Average M-N Distances for Various Macrocycles
Complex M-N distance (A)
tmtaaH255 0.85 (N-H)
1.902 (N-Ct)
Fetmtaa55 1.918
FeCltmtaa194 2 .0 0 2
FeTPP2®3 2.009
FeClTPP2®3 2.05
FePc203 1.926
Pdtmtaa2®3 1.996
PdTPP2®3 2.009
Mn(NEt3)tmtaa194 2.118
Coltmtaa194 1.901
CoDMG204’207 1.88-1.92
Co(III) sat ligs2®8-211 1.95-2.00
Nitaa212 1.870
Nidmtaa2®3 1.85
(Crtmtaa)22®2 1.999
CrTPP9 2.033
Cr(acacen) 11 2.089
The ionic radii213 of the metals featured in Table 6.2 are: Fe(II), 0.74; Fe(III), 0.64; 
Pd (II), 0.86; Mn(H), 0.80; Co(II), 0.72; Co(m), 0.63; Ni(II), 0.69; Cr(H), 0.89 A. In all 
the examples shown in Table 6.2, there is a substantial bond shortening in the majority of 
Mtmtaa complexes compared to the other ligands due to the constraints imposed by the 
macrocycle. The constraining nature of the tmtaa prevents the N-Ct distance from 
lengthening to the ideal M-N distance preferred by all the metals (except Co(m) which has 
approximately the correct M-N size to fit in the cavity). A significant expansion of the Ct-N 
distance does occur upon coordination of these metals, but these increases are still 
insufficient to accommodate the larger radii of Fe(H), Mn(II) and Cr(II). This is untrue for
214
the case of Pdtmtaa which, despite its large ionic radius of 0 .8 6  A, coordinates to the tmtaa 
ligand yielding a unique pseudoplanar geometry. The strain generated by this geometry is 
not alleviated by increased bond lengths or warping. Only the slight displacement of the 
methyl groups out of the plane and the angular increase may account for this planarity. 
Such an effect may be explained in terms of an especially strong palladium coordination 
sphere and in order to maximize such interactions the tmtaa ring distorts from the usual 
stable saddle-shape observed in first row transition metal complexes of the ligand. It is 
perhaps the extended interactions by the larger palladium d  orbitals which force the ligand 
into its unusual pseudoplanar configuration.
The difference between available core size and the real metal-nitrogen distances is 
compensated for by the displacement of the metal from the N4 plane.The Co(III) and Fe(II) 
atoms are 0.234 and 0.114 A from the N4 plane, but this displacement is probably the 
consequence of the steric interactions and natural distortion of the ligand rather than the 
inability of the Co(III) and Fe(II) atoms to fit within the plane. In the case of Fe(II), which 
has a larger ionic radius than Co(III), it is displaced less from the donor plane because it 
does not have a large axial ligand attached. The larger radii associated with Cr(II), Fe(III) 
and Mn(II) are moved further out of the N4 plane i.e. 0.5,0.6 and 0.73 A respectively. It 
seems to be a contradiction that the Cr(II) has a larger ionic radius than Mn(II) and Fe(III) 
but yet it has the smallest displacement of these from the N4 plane. Since the (Crtmtaa)2 is 
also dimeric it would seem that there would be enormous steric interactions, due to the two 
bulky tmtaa ligands, leading to a severely distorted system. However, the two tmtaa 
moieties rotate 90° to each other thus relieving the strain and allowing the two chromium 
ions to approach close enough to form a strong quadruple bond, and descend further into 
the N4 plane.
6.3.3 6,13 -D iphenyl-5,7 J  2,14-tetrahydro-2,3 :9,10-dibenzo-l t4 ,8,11 - 
teraazacyclotetradecane-4,6,11,13-tetraene, dptaaH2
6.33.1 Synthesis o f the Free Ligand
The metal-free ligand was synthesized according to the method of Akashi and 
S u g a 2 l 4 by the one pot condensation reaction of a - p h e n y l - P -  
dimethylaminoacraldehyde187»188 with ophenylenediamine, as shown in Scheme 3.
6.33.2 Characterization ofdptaaH2
Diphenyltetraazaannulene, dptaaH2 (XVII), is air stable and can be stored 
indefinitely. It is insoluble in acetone and methanol, and slightly soluble to insoluble in 
CHCI3, benzene, DMSO and THF.
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dptaaH2 , XVII
Scheme 3
The UV-visible spectrum (Figure 6.10), for which there is no published data, 
contains absorbances at 527 br, 451, 436, 391, 308 (^max)> and 262 nm. The infrared 
spectrum correlates well with published values214 and contains the following peaks: 1635 
s, 1590 s, 1550 s, 1495 s, 1405 m, 1385 s,sh, 1370 s,sh, 1355 m, 1310 m, 1290 m,sh, 
1275 w,sh, 1255 w,sh, 1215 m, 925 m, 900 m, 775 m, 760 w, 740 m,sh, 735 m,sh, 730 
s, 705 w,sh, 700 m, 670 w. Owing to the limited solubility of dptaaH2 in common NMR 
solvents, its spectrum could not be obtained.
6.3.3.3 The Structure o f dptaafy
The single crystal X-ray structure determination was carried out by Mr G. W. 
Smith, all computations being carried out using the SDP-Plus suite of programs on a DEC 
PDP 11/73 computer.
A crystal of approximate dimensions 0.3 x 0.2 x 0.1 mm was mounted on a glass 
fibre, and the unit cell dimensions were determined by a least-squares refinement of a set of 
25 reflections
Crystal data. C30H 24N4 , M  = 440.55, monoclinic, space group P2 j / c , a  =
11.402(5), b = 7.088(4), c = 27.069(8) A, fi = 90.24(03)°, Z  = 4, V  = 2187.6(20) A3, Dc 
= 1.338 g cm-3, F(000) = 928, graphite-monochromated Mo-Ka radiation (A, = 0.71073 
A), p(Mo-Ka) = 0.745 cm-1.
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Figure 6.10: UV-Visible Solution Spectrum of dptaaH2
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The intensity data were collected on an Enraf-Nonius CAD4 four-circle 
diffractometer in an co-20 scan mode in the range 1° < 0 < 22° covering an index range 0  < 
h < 12, 0 < k < 7, -28 < 1 < 28. 3015 Reflections were measured which, after the usual 
Lorentz and polarization corrections and removal of systematic absences, yielded 873 
reflections having I > 3.0c(I).
After initial attempts to solve the structure using MULTAN failed, the program 
DIRDIF was successfully used instead. Isotropic full matrix least-squares refinement 
converged at R = 0.078 with the hydrogen atoms in fixed calculated positions (dn =1.0 
A). Anisotropic refinement of non-hydrogen atoms converged at R =  0.058 and from a 
difference map the two hydrogens attached to N(l) and N(3) were found. Inclusion of 
these two hydrogen atoms in the refinement caused R to converge to 0.055, Rw = 0.061 
and S = 1.045, using the weighting scheme of w_1 = [<J(F)]2 + [0.07 F]2.
The atom numbering scheme is shown in Figure 6.11, the side view in Figure 6.12, 
and selected bond lengths and bond angles in Table 6.3.
The structure of the free ligand (Figures 6.12 and 6.13) is slightly saddle-shaped, 
since the X-ray crystal structure determination revealed the deviation of the mean plane 
through the four nitrogen atoms from planarity was just significant at the 3o  level. Nitrogen 
atoms N(2 ) and N(4) are at 0.020 and 0.019 A above the plane, whereas N(l) and N(3) sit 
0.020  and 0.019 A below the plane.
The two benzenoid rings are at angles of 3.2° and 2.3° to the N4 plane. Each phenyl 
ring is rotated at 29.8° and 38.2° in opposite directions.
Figure 6.13: Diagrammatic Representation of the Side View of dptaaH2 
Showing its Slight Saddle-Shape
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Table 6.3: Selected Bond Lengths (A) and Angles (°) in dptaaH2 with e.s.d.s in
Parentheses
N (l)-C(l) 1.321(8)
N (l)-C (ll) 1.420(8)
C(l)-N (l)-C (ll)
N (l)-H(ln) 1.11(7)
C(l)-H(l)-H(ln)
G (ll)-N (l)-H (ln)
N(2)-C(2) 1.305(8)
N(2)-C(31) 1.420(8)
C(2)-N(2)-C(31)
N(3)-C(3) 1.337(8)
N(3)-C(36) 1.391(8)
C(3)-N(3)-C(36)
N(3)-H(3n) 1.04(7)
C(3)-N(3)-H(3n)
N(4)-C(4) 1.333(8)
N(4)-C(16) 1.398(7)
C(4)-N(4)-C(16)
C(l)-C(20) 1.397(9)
N(1)-C(1)-C(20)
C(2)-C(20) 1.406(9)
N(2)-C(2)-C(20)
C(3)-C(40) 1.383(9)
N(3)-C(3)-C(40)
C(4)-C(40) 1.399(9)
N(4)-C(4)-C(40)
N(l)-C(ll)-C(16)
N(4)-C(16)-C(ll)
C(l)-C(20)-C(2)
C(20)-C(21) 1.471(8)
C(2)-C(20)-C(21)
N(2)-C(31)-C(36)
N(3)-C(36)-C(31)
C(3)-C(40)-C(4)
C(40)-C(41) 1.475(9)
C(3)-C(40)-C(41)
123.9(5)
116.0(3)
118.0(3)
122.4(5)
124.6(5)
106.0(4)
121.9(5)
124.7(6)
124.8(6)
126.0(6)
125.7(6)
117.3(5)
117.0(5)
122.2(6)
118.8(50
116.6(5)
118.1(5)
121.7(6)
119.1(6)
221
C(4)-C(40)-C(41)
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119.2(6)
As in the case of tmtaaH2 , hydrogen bonds bridge the nitrogen atoms of the 2- 
phenyl-l,3-propanediiminato rings. The hydrogen bond distances for H(ln)-N(2) and 
N(3n)-N(4) (Figure 6.11) are 1.906 and 1.843 A respectively. These are considerably 
shorter than the non-bonded N-H distances across the OPD rings i. e. H(ln)-N(4) and 
N(3n)-N(2) which average 2.343 A.
The 2 -phenyl-1 ,3 -propanediiminato rings are also extensively delocalized. There 
appears to be a shortening of the amine 'single' bonds C(l)-N(l) (1.321 A) and C(3)-N(3) 
(1.337 A) compared to the C-N 'single' bonds in the OPD moiety which average 1.407 A. 
The C=N 'double' bonds lengthen to 1.305 A in C(2)-N(2) and 1.333 A in C(4)-N(4). The 
extent of the delocalization approaches that of the Co(II) complex of dptaa (vide infra) 
where the C-N bond length averages 1.327 A (compared to an averaged 1.329 A in the free 
ligand) and the C=N bond length averages 1.326 A (1.319 A average in dptaaH2). It would 
therefore appear that the 2 -phenyl- 1,3-propanediiminato ring in dptaaH2 contains a more 
delocalized system than that of the 2,4-pentanediiminato ring in tmtaaH2 , since its C-N 
bonds are shorter, but its C=N bonds are longer. These comparisons have been 
summarized in Table 6.4.
Table 6.4: Comparison of the Bond Lengths in tmtaaH2 and dptaaH2
Bond Length (A) tmtaaH2 dptaaH2
Average C-N 'single' bond 1.343 1.329
Average C=N 'double' bond 1.316 1.319
Average N-Ct 1.902 1.913
The square planar array of the the four nitrogen atoms has a very slight rhombic 
distortion with the diagonally opposed nitrogens N(l)-N(3) and N(2)-N(4) having the 
respective separations of 3.852 and 3.800 A. Thus, the nitrogen-to-centre distance, Ct-N, 
of the neutral ligand is approximately 1.913 A, which is larger than that of tmtaaH2 (1.902 
A). The metal-nitrogen distance expected for the dianionic form, dptaa2', should therefore 
be less than this value due to the increased conjugation and contraction associated with the 
loss of two amine protons. The size of the cavity, although larger than tmtaa2-, is still
223
slightly smaller than many other macrocyclic ligands such as porphyrins and cyclams (see 
Section 6.3.1.3 for hole sizes).
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6.3.4 6,13 -Diphenyl-5,7,12,14-tetrahydro-2,3 :9,10-dibenzo-1,4,8,11 - 
teraazacyclotetradecinato(2-)cobalt(II), Codptaa
6.3.4.1 Synthesis o f Codptaa
Codptaa (XVIII) was successfully synthesized by two different methods viz a 
template method and a metal insertion reaction which are shown in Schemes 4 and 5 
respectively.
+ Co(OAc)2.4H20
Scheme 4
XVIII
CWO * cwoa^ °
■2 -
o k o
Scheme 5
63.4.2 Characterization o f Codptaa
The product was obtained as air stable purple-black crystals which are slightly 
soluble in chloroform, carbon tetrachloride, toluene and benzene, but insoluble in acetone 
and methanol. The UV-visible spectrum (Figure 6.14) shows peaks at 719, 489, 405 
(^max)> 371 sh, 306 and 242 nm. The infrared spectrum correlates well with the published 
values.2 !4 In the compound obtained from the template synthesis reaction, coordination of 
the cobalt results in the lowering of the C=N stretching frequency from 1630 to 1575 cm-1.
225
Ab
so
rb
an
ce
 
(ar
bit
rar
y 
un
its
)
1.0 -
0.8 _
0.6 -
0.4 -
0.2  -
0.0
300 500 800200 700400 600
Wavelength (nm)
Figure 6.14: UV-Visible Solution Spectrum of Codptaa
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The NMR spectrum could not be obtained, since Codptaa is paramagnetic causing 
substantial broadening of the peaks.
6.3.43 The Structure o f Codptaa
The single crystal X-ray structure determination of Codptaa was carried out by Mr 
G. W. Smith, all computations being carried out using the SDP-Plus suite of programs on 
a DEC PDP 11/73 computer.
A crystal of approximate dimensions 0.4 x 0.3 x 0.1 mm was mounted on a glass 
fibre, and the unit cell dimensions were determined by a least-squares refinement of a set of 
25 reflections
Crystal data. C30H 22N4 C0 , M  = 497.5, monoclinic, space group P2 j/c , a = 
11.470(2), b = 7.061(4), c = 27.045(5) A, 0 =  90.82(01)°, Z = 4, V = 2190.1(20) A?,DC 
= 1.509 g cm-3, F(000) -  1028, graphite-monochromated Mo-Ka  radiation (X = 0.71073 
A), p(Mo-Ka) = 0.81 cm-1.
The intensity data were collected on an Enraf-Nonius CAD4 four-circle 
diffractometer in an co-20 scan mode in the range 1° < 0 < 24° covering an index range 0 < 
h < 13, 0 < k < 8 , -31 < 1 < 31. 3954 Reflections were measured which, after the usual 
Lorentz and polarization corrections and removal of systematic absences, yielded 2256 
reflections having I > 3.0o(I).
Refinement of the structure with the hydrogen atoms in fixed calculated positions 
(dn = 1.0 A) caused R to fall to 0.061. An absorption correction by the program DIFABS 
gave maximum and minimum absorption corrections of 0.86 and 1.11. Anisotropic full 
matrix refinement, initially with Co alone, and then with all non-hydrogen atoms, 
converged at R = 0.042, Rw = 0.053 and S = 1.073, using a weighting scheme w"1 = 
[q(F)2 + (0.025 F)2 + 2.5].
The atom numbering scheme for Codptaa is shown in Figure 6.15, the side view is 
shown Figure 6.16, and selected bond distances and bond angles are shown in Table 6.5.
The structure of Codptaa revealed is very similar to that of the free ligand, except 
that the nitrogen atoms in the complex are exactly planar, and the cobalt is at the centre of 
this plane equidistant from the nitrogens with an average Co-N distance of 1.865 A. This is 
in contrast to most metal complexes of tmtaa where the metal both sits out of the plane and 
distorts the ligand further.
The ionic radius of 0.72 A for Co(II) is somewhat larger than that of 0.63 A for 
Co(m). Since the Co(III)-N distance in Coltmtaa is 1.901 A (Table 6.2) 194 it might be 
expected that the larger ionic radius of Co(II) would lead to an increased Co-N bond 
length. However, in the case of Fe(II) and Fe(III) complexes the reverse is true. Table 6.2 
shows that the Fe-N distances in the Fe(III) complexes FeCltmtaa and FeClTPP are longer
227
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Table 6.5: Selected Bond Lengths (A) and Bond Angles (°) in Codptaa with e.s.d.s in
Parentheses
Co-N(l) 1.861(3)
Co-N(2) 1.863(3)
N(l)-Co-N(2) 94.2(1)
Co-N(3) 1.866(3)
N(l)-Co-N(3) 179.7(6)
Co-N(4) 1.869(3)
N(l)-Co-N(4) 86.1(1)
N(2)-Co-N(3) 85.8(1)
N(2)-Co-N(4) 179.7(8)
N(3)-Co-N(4) 93.9(1)
N(l)-C(l) 1.326(5)
N (l)-C (ll) 1.427(5)
C (l)-N (l)-C (ll) 119.9(3)
N(2)-C(2) 1.328(5)
N(2)-C(31) 1.409(5)
C(2)-N(2)-C(31) 120.2(3)
N(3)-C(3) 1.328(5)
N(3)-C(36) 1.415(5)
C(3)-N(3)-C(36) 120.4(3)
N(4)-C(4) 1.324(5)
N(4)-C(16) 1.413(5)
C(4)-N(4)-C(16) 120.5(3)
C(l)-C(20) 1.404(6)
N(l)-C(l)-C(20) 124.7(4)
C(2)-C(20) 1.385(6)
N(2)-C(2)-C(20) 126.0(4)
C(3)-C(40) 1.382(6)
N(3)-C(3)-C(40) 125.3(4)
C(4)-C(40) 1.389(6)
N(4)-C(4)-C(40) 124.9(4)
N(4)-C(16)-C(ll) 114.5(3)
C(l)-C(20)-C(2) 121.8(4)
C(20)-C(21) 1.489(6)
C(l)-C(20)-C(21) 119.4(4)
C(2)-C(20)-C(21) 118.8(4)
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N(2)-C(31)-C(36)
N(3)-C(36)-C(31)
C(40)-C(41)
C(3)-C(40)-C(4)
1.496(6)
113.7(3)
113.6(4)
122.7(4)
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Table 6.7: Summary of Selected Parameters for Several Tetraazaannulene Compounds
dptaaH2 Codptaa tmtaaH2 Pdtmaa Fetmtaa
a 1 2 2 .2 1 2 1 .8 127.3 133.9 129.9
P 124.8 126.0 12 0 .1 1 2 2 .1 1 2 1 .6
Y 122.4 1 2 0 .2 127.4 125.3 125.3
8 116.6 113.7 117.3 115.7 114.0
Torsion angles for
phenyl rings (°): 
C(2)-C(20)- -29.8 -30.0
C(21)-C(22)
C(4)-C(40)- 36.3 38.1
C(41)-C(42)
1 -2 7.1 1 .6 34.3 14.7 24.5
1-3 1.5 0.3 2 0 .1 1.4 17.5
1-4 3.2 2.4 24.6 13.0 23.7
1-8 30.5 28.9
1-9 37.6 37.9
1 -1 0 3.2 2.4
5-6 16.1 5.7 45.6 25.0 31.5
6-7 3.4 0 .2 3.6 5.2 9.27
d 2.553 2.539 3.098 2.925 3.016
Av. M-N - 1.865 - 1.996 1.918
Distance of M 0 .0 2 0.000 0.1 (H's) 0.000 0.114
from N4 donor above and below
plane
N-Ct
the plane 
1.913 1.865 1.902 1.996
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dptaaH2 Codptaa tmtaaH2 Pdtmaa Fetmtaa
Av. C-N distance, 1.324 1.326 1.330 1.341 1.342
six-membered
chelate ring
Av.C-C distance, 1.396 1.390 1.387 1.393 1.391
six-membered
chelate ring
Av. C-N distance, 1.407 1.416 1.404- 1.393 1.391
five-membered
chelate ring
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than those in the Fe(II) complexes Fetmtaa and FeTPP. It would therefore seem probable 
that the ideal Co(II)-N distance is less than that reported for Coltmtaa, in which case the 
available cavity of 1.913 A in dptaaH2 is ample to accommodate the cobalt.
The Co-N distance is shorter than the ideal value of 1.913 A for this ligand, so 
some inherent feature or features must be flexible enough to accommodate this difference 
on coordination. These are the same features which relieve ligand strain in tmtaaH2 :
(1) A variation in the bond distances of the 14-membered ring
(2) A modification of the various interior and exterior angles of the 14-membered
ring
(3) Torsional distortions about the appropriate bonds to redirect the N4 lone pairs 
into the N4 plane
Of these, (2) and (3) are the most easily observed since any change in the angles is 
usually accompanied by a small change in bond lengths, as has already been demonstrated 
in Section 6.3.2.3. There appears to be an increase in delocalization throughout the six- 
membered 2-phenyl-1,3-propanediiminato chelate ring on coordination to the cobalt, since 
the average C=N bond length increases but the average C-N distance decreases (Table 6 .6 ).
Table 6 .6 : Comparison of C-N Bond Lengths in the 2-Phenyl-1,3-propanediiminato 
Rings of dptaaH2 and Codptaa
Bond Length (A) dptaaH2 Codptaa
Average C-N 'single* bond 1.329 1.327
Average C=N 'double' bond 1.319 1.326
Average N-Ct 1.913 1.865
The bond length changes are accompanied by a decrease in the sum of the ten 
interior and four exterior angles defined in Figure 6.17. The total angular change is an 
important measure of the degree of expansion or contraction of the ring. In the case of the 
metal complexes of tmtaa the sum of the angles was greater in the complex than that of the 
free ligand. This expansion was necessary to try and accommodate the M-N distances 
which were larger than the ideal N-Ct distance in the ligand, and this alone accounted for 
most of the observed increases in the N-Ct distances of the complexes compared to the N- 
Ct of the neutral ligand (Table 6.1). In contrast, the total angular sum of the ten interior and
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four exterior angles in Codptaa is 16.4° less than the value for the free dptaaH2 . The 
decrease of the N-Ct distance from 1.913 A in the neutral ligand to 1.865 A in Codptaa is 
therefore a result of the contraction of the macrocyclic cavity in an attempt to accommodate 
the shorter Co-N bond length.
Figure 6.17: Diagrammatic Representation of the dptaa Framework, Showing the Planes 
and Angles Used in Calculation of Torsional Distortions
Dihedral angles have also been shown in Figure 6.17 and a comprehensive 
comparison of bond lengths, bond angles and dihedral angles for the tetraazaannulene 
ligands and selected complexes is compiled in Table 6.7. Dihedral angles, which are a 
measure of the degree of twisting about the C-N bonds in the five- and six-membered 
chelate rings, helped explain the saddle-shape in tmtaaH2 and its metal complexes. A 
substantial amount of twisting was necessary to redirect the lone pairs on the amino 
nitrogen atoms out of the N4 plane towards the metal atom to produce the least strained 
structure. However, in the case of dptaaH2 there is no need to alleviate strain since the 
cavity is sufficiently large to encompass the cobalt ion. The free ligand contains a non- 
planar arrangement of nitrogen atoms, so the lone pairs may not be pointing into the plane.
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If this remained the status quo then on coordination to the cobalt there would be a mismatch 
of metal and ligand orbitals, hence a small amount of distortion is necessary to redirect the 
lone pairs into the N4 plane to maximize the overlap. Consequently, as the cobalt descends 
into the N4 plane the dihedral angle between planes 5 and 6  decreases from 16.1° to 5.7°. 
Such a decrease in the tmtaaH2 system would promote additional contact between the 
methyl and benzenoid groups leading to an additional distortion between planes 6  and 7 to 
counteract this. In the Codptaa example, the replacement of the methyl group by a 
hydrogen eliminates this possible steric interaction, and the dihedral angle actually 
decreases from 3.4° to 0.2°. These modifications result in a virtual flattening of the 
macrocyclic ring which is confirmed by comparing the closest hydrogen-benzene contacts, 
d, e. g. H (l)-C(1 2 ). The average value decreases slightly from 2.553 A in dptaaH2 to 
2.539 A in Codptaa. The changes in dihedral angles and the values of d are not as drastic as 
those observed in the tmtaa complexes, but the dptaa ligand and complex are not initially as 
grossly distorted from planarity.
The fact that the lone pairs are directed into the plane of the nitrogens is also 
explained by the angles around the cobalt ion. In the free ligand, the distances between all 
the N atom pairs are roughly equal, as shown in Table 6 .8 . In the absence of any 
movement of the nitrogen atoms on complex formation, the N-Co-N angles would all be 
approximately 90°. Thus, the structural changes leading to the smaller N-Co-N involving 
the o-phenylenediamine portion of the molecule (average 85.95°), as compared to those of 
the 2-phenyl-1,3-propanediiminato chelate rings (average 94.05°), are not due to the 
smaller bite of the o-phenylenediamine ligand, but are necessary to direct the lone pairs 
towards the centre of the ligand. The average C-N distance of the o-phenylenediamine 
moieties increases on complex formation from a value of 1.407 A for dptaaH2  to 1.416 A 
for Codptaa. This lengthening allows sufficient flexibility together with the N-Co-N angles 
to point the lone pairs toward the centre of the N4 donor plane.
Coordination of cobalt does result in an almost planar 14-membered macrocyclic 
ring, which has contracted to reduce the cavity in order to accommodate the metal ion. In 
doing so the delocalization in the 2-phenyl-1,3-propanediiminato six-membered ring is 
increased, partly due to the contraction factor and partly due the optimum overlap of the 
metal and ligand orbitals which arises from the ligand deformations directing the nitrogen 
lone pairs into the N4 plane.
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Table 6.8: N-N Distances (A) in dptaaH2 and Codptaa, and N-Co-N angles (°)
dptaaH2 Codptaa
N(l)-N(2) 2.724 2.727
N(2)-N(3) 2.680 2.538
N(3)-N(4) 2.740 2.731
N(4)-N(l) 2.679 2.547
N(l)-Co-N(2) 94.2
N(3)-Co-N(4) 93.9
N(l)-Co-N(4) 8 6 .1
N(2)-Co-N(3) 85.8
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6.3.5 6,13 -Diphenyl-5,7,12,14-tetrahydro-2,3 :9,10-dibenzo-1,4,8,11 - 
tetraazacyclotetradecinato(2-)chromium(II), Crdptaa
6.3.5.1 Synthesis o f Crdptaa
The chromium complex of dptaaH2 was successfully synthesized using butyllithium 
followed by the addition of anhydrous chromium acetate, which had been the route to the 
preparation of (Crtmtaa)2 . However, the method utilizing the organometallic intermediate, 
[Li2Cr(CH3)4 (THF)2]2  made from anhydrous CrCl2 and methyllithium (Section 2.4.6), 
which had been used by other workers202 to prepare (Crtmtaa)2 , gave an unusual product 
based on Crdptaa. Template reactions were not attempted as a means to synthesize the 
chromium complex, as in the case of Codptaa, since they had been unsuccessful with 
tmtaaH2 . Crdptaa could possibly be prepared by the same template method as for Codptaa, 
but it may in the process be oxidized to chromium(III) by the acraldehyde.
The reaction with butyllithium yielded a compound containing toluene of 
crystallization, paralleling the analyses for both the literature and values reported here for 
(Crtmtaa)2 . The reaction of the [Li2Cr(CH3)4 (THF)2]2 material with the free ligand gave a 
product, whose microanalysis could only be explained by assuming that all the CH3Li is 
not removed during the reaction, resulting in coordination to the Cr complex. In air this 
compound fumes profusely and glows red. This contrasts with the compound from the 
butyllithium reaction which did not appear to be very air-sensitive, although the intense 
colour made any change in colour difficult to observe. It did not, however, react violently 
with the atmosphere. This led to the conclusion that the pyrophoric product was not in fact 
the same product as that from the butyllithium preparation. It must contain a very reactive 
species, and the presence of CH3Li might account for this, a possible structure being 
shown in Figure 6.18.
Figure 6.18: Possible Structure for Li2Me2 Crdptaa
Neither product could be recrystallized from either toluene or dimethylformamide, 
so a mini-series of complexes (i. e. Crdptaa and Codptaa) could not be compared in the 
way that metal-tmtaa compounds are in the literature.
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6 3 5 2  Characterization o f Crdptaa
The UV-visible spectrum of Crdptaa (Figure 6.19) contains peaks at 580,454,392, 
370, 309 ( -^max) and 241 nm. A diffuse reflectance spectrum of the Crdptaa. 1.5toluene 
was so intensely coloured that a meaningful interpretation could not be made.
The infrared spectrum of the toluene solvate corresponds closely to that of the Co 
complex, the C=N stretching frequency at 1630 cm-1 in the free ligand being lowered to 
1580 cm-1 on coordination of the chromium. The spectrum contains peaks at:
1580 m, 1560 m, 1540 m,sh, 1535 m,sh, 1520 w,sh, 1540 m,sh, 1420 m,sh, 1380 s, 
1370 m,sh, 1330 m,sh, 1310 s, 1275 s, 1205 m, 1175 m, 1020 w,br, 970 w, 830 w, 765 
m,sh, 760 m, 740 s, 730 m, 700 m, 670 w.
The magnetic moment (Figure 6.20) of 2.85 BM at room temperature revealed the 
Cr complex to be low spin, and this value decreased only slightly to 2.72 BM as the 
temperature was lowered to 87 K. The fact that the complex is not diamagnetic suggests 
that it is monomeric, in contrast to the chromium complex of tmtaa.
Since the N-Ct distance in dptaaH2 is 1.913 A it is possible that the size of the 
cavity will be sufficient to accommodate the chromium ion, which being low-spin has a 
smaller ionic radius.If the low-spin Cr-N4 distance is only slightly larger than 1.913 A then 
there may be enough flexibility within the macrocyclic ring to expand and envelop the Crll) 
ion in a planar arrangement analogous to that of the Co complex.
However, it is also possible that the chromium atom will sit slightly above the N4 
donor plane, in which case the ligand will have to distort to redirect the lone pairs out of the 
plane towards the metal in order to gain the optimum possible overlap between the metal 
and ligand orbitals. An X-ray crystal structure would prove most enlightening as a 
comparison for not only the dptaaH2 and Codptaa molecules, but also the tmtaa series of 
metal complexes.
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Figure 6.19: UV-Visible Solution Spectrum of Crdptaa
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Figure 6.20: Magnetic Susceptibility Measurements on Crdptaa. 1.5toluene
Temperature (K) 2CA’1 Peff (BM)
292 287.52 2.85
261 260.62 2.83
229 228.52 2.83
197 197.67 2.82
165 165.70 2.82
133 137.44 2.78
101 108.93 2.72
87 94.24 2.72
Diamagnetic correction for ligands = 480 x 10-6 
Results: V-292 = 2.85 BM JJ-87 = 2.72 BM 0  =  11°
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